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Indices of white-tailed deer (Odocoileus virginianus) abundance in the western
Upper Peninsula of Michigan suggested the population declined 40% from the previous 5
year mean following 2 consecutive severe winters in the mid-1990s and has not since
increased in population size. I collected estimates and assessed biological and
environmental covariates of survival and recruitment of fawns (< 1 year old) and agespecific reproductive and survival rates of adult females (> 1.6 years old) in the
southwestern Upper Peninsula of Michigan from 2009–2011. Reproduction did not
appear to regulate population growth, as 92 percent of females were pregnant. Annual
survival of adult females was 70 percent across years, but poorer annual survival of
fawns across years (44 percent) resulted in recruitment being the most influential vital
rate to population growth, which increased10 percent from 2009 to 2010, but decreased
13 percent from 2010 to 2011. Variation in population growth emphasized that annual
variation in fawn recruitment may have nullified increased growth over time. Most fawn
mortalities occurred within 12 weeks of age, emphasizing this period greatly influenced
annual survival rates of fawns, and especially population growth. Therefore, I suggest

fawns should be considered the priority cohort for deer population management,
including mitigation of factors which limit fawn recruitment. Winter severity effects on
nutritional condition of adult females primarily influenced survival of adult females and
fawns. However, adult female avoidance of interior lowland forests which had greater
wolf (Canis lupus) use and commonly aging and over-browsed vegetation ostensibly
reduced fawn recruitment through a lack of hiding vegetation and poorer forage. Also,
by adult females raising fawns in habitats near roads, the predatory efficacy of coyotes
(C. latrans) on adult females and fawns increased. Although predation was the leading
cause of deer mortality, bottom-up effects of winter severity on nutritional condition and
resource use appeared to be most influential to sustaining a lack of population increase.
Hence, I suggest population growth could be improved through habitat management that
increases landscape heterogeneity of early successional forests to enhance year-round
browse to increase nutritional condition of adult females and hiding cover for fawns.
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POPULATION DYNAMICS OF WHITE-TAILED DEER IN THE SOUTHWEST
UPPER PENINSULA OF MICHIGAN1

1.1

Introduction
Wildlife management and conservation commonly depend on monitoring

population growth and demography (McCullough 1994; Bender 2006). For this reason
researchers regularly develop and assess accuracy, precision, and applicability of new or
existing estimators of population growth and demography. Population growth is
intrinsically related to animal abundance, which is the culmination of past and present
survival, productivity, immigration, and emigration processes (Skalski et al. 2005).
However, abundance is often difficult to reliably estimate due to species rarity, uneven
distribution, or poor detectability (DeCesare et al. 2012). In lieu of abundance,
demographic models incorporating individual estimates of vital rates (i.e., survival and
recruitment) have been used as alternative estimators of population growth (e.g., Hatter
and Bergerud 1991). Additionally, estimates of individual vital rates assist in interpreting
population growth, particularly as their variation (e.g., age-specific survival; DelGiudice
et al. 2006) can lead to changes in age structure (Skalski et al. 2005). Age ratios are a

1
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modeling and radiotelemetry to estimate ungulate population dynamics.
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fundamental component of population demography and provide information on
productivity and mortality rates (Caughley 1974; Harris et al. 2008). For example,
ungulate young:adult ratios are frequently used to index recruitment (DeCesare et al.
2012; Ikeda et al. 2013), which is the product of pregnancy and survival of young
(Gaillard et al. 2000). Researchers have argued that age ratios alone may be of limited
use in interpreting population growth because multiple underlying vital rates influence
ratios (Caughley 1974; McCullough 1994). Also, estimates of adult female survival are
crucial to interpreting young:adult female ratios because adult female abundance is used
as the denominator in the ratio. Further, using age ratios to interpret population growth
depends on understanding the age structure of breeding and non-breeding females
(DeCesare et al. 2012), which is often difficult to attain with recruitment estimation
methods such as aerial surveys. Age-specific pregnancy rates are therefore often sought
to estimate number of reproductive females (DelGiudice et al. 2007; Duquette et al.
2012) to include in ratios. Although limitations exist, age ratio estimates can be useful
for understanding ungulate recruitment and population growth rates (Harris et al. 2008;
DeCesare et al. 2012).
Ungulate population growth and structure are often difficult to estimate because
ungulates exhibit behaviors (e.g., secretive or migratory) and use habitats (e.g.,
coniferous forest) which hinder many estimation methods (e.g., aerial counts; Storm et al.
2011). Numerous indices including trail counts (McCaffery 1976), browsing pressure
(Morellet et al. 2001), pellet counts (Fuller 1991), and spotlight counts (Collier et al.
2007) have been used to monitor population trends and demographics because they are
relatively easy and inexpensive to collect. However, indices are plagued with bias (e.g.,
2

defecation rates; Millspaugh et al. 2002) and have unknown relationships with population
growth (Skalski et al. 2005). Therefore, numerous indexes have been developed which
use marked and/or unmarked individuals to estimate population growth and provide
correction factors for behavioral (e.g., imperfect detection) or survey (e.g., number of
sampling units) limitations, allowing estimates to be converted to absolute population
numbers. For example, indexes including genetic mark-recapture (Ebert et al. 2012),
distance sampling (Anderson et al. 2013), aerial infrared camera surveys (Naugle et al.
1996; White et al. 2001; Haroldson et al. 2003; DeCesare et al. 2012), and remote camera
surveys (Jacobson et al. 1997; Koerth and Kroll 2000; Roberts et al. 2006; Watts et al.
2008; Dougherty and Bowman 2012) have provided advancements in estimating ungulate
population dynamics. However, these indexes often have assumptions that are
commonly difficult to meet (e.g., perfect detection; Weckel et al. 2011), are expensive
(e.g., aerial counts; Storm et al. 2011), are difficult to apply over extensive areas (e.g.,
animal movements; Rowcliffe et al. 2009), or do not provide independent estimates of
vital rates (e.g., camera surveys; Jacobson et al. 1997). For these reasons, radiotelemetry
studies of marked animals have commonly been used to estimate population growth from
key vital rates (e.g., DeCesare et al. 2012).
Advantages of using radiomarked animals to estimate population growth include
estimates of population level survival (DelGiudice et al. 2006) and reproductive rates
(Grund and Woolf 2004; Duquette et al. 2012) which may differ among animal ages.
Survival and recruitment rates can then be incorporated into matrix models (e.g., Leslie
matrix model; Leslie 1945) to estimate potential finite population growth rate (λ; Skalski
et al. 2005). Additionally, radiotelemetry can provide locations of marked animals and
3

determine whether they remain in the study area (i.e., geographic closure of population).
However, capturing, marking, and monitoring animals can be labor intensive and
expensive, often limiting use of radiotelemetry. Additionally, several assumptions must
be met to estimate population growth with radiotelemetry, including marking a random
sample of the target population, independence of monitoring sessions of marked animals,
working radiotransmitters are always located and do not impact survival (Millspaugh and
Marzluff 2001). Due to these constraints, researchers often seek alternative methods
which do not require radiomarking and monitoring animals to estimate population
growth.
Occupancy modeling has provided a practicable method of estimating species
abundance for many taxa (MacKenzie et al. 2006), using marked and/or unmarked
individuals (e.g., Wibisono et al. (2011). These models are particularly useful because
they incorporate detection/non-detection data of species which can be recorded by
identifying physical sign (e.g., scat; Karanth et al. 2011). Surveying unmarked
individuals can be particularly advantageous because observers are not always able to
uniquely recognize individuals visiting multiple sites (Fiske and Chandler 2011).
Unmarked animal abundance can be estimated with an occupancy model that accounts
for imperfect detection (MacKenzie et al. 2006) and links the heterogeneity in
detectability among sites with variation in site abundance (Royle and Nichols 2003; Fiske
and Chandler 2011). Remote cameras have been a popular and useful tool to estimate
population abundance (e.g., Watts et al. 2008) or structure (Ikeda et al. 2013) of
unmarked individuals because factors such as thick canopy cover, expense, or species
rarity preclude using methods such as mark-resight or mark-recapture methods. Further,
4

the Royle-Nichols occupancy model (Royle and Nichols 2003) using detection/nondetection data can be equally or more useful than mark-recapture data for monitoring
population trends (Tempel and Gutiérrez 2013). Despite the common use of
radiotelemetry and occupancy modeling, to my knowledge no research has compared
abundance estimates of ungulates from radiotelemetry data and the Royle-Nichols
occupancy models using remote cameras.
My overall goal was to compare white-tailed deer (Odocoileus virginianus)
population growth estimates from radiomarked individuals and occupancy modeling of
unmarked individuals and evaluate advantages and disadvantages of each method.
specific objectives were to: 1) estimate fawn:adult female ratios and abundance of
unmarked deer using remote camera surveys, 2) estimate finite rate of deer population
growth using estimates of survival and pregnancy from radiomarked adult females and
recruitment of radiomarked fawns, and 3) compare adult female and fawn percentage
changes in abundance estimated with unmarked individuals with population growth rate
of radiomarked deer. I hypothesized percentage changes in camera trap data would
reflect yearly variation in radiomarked deer population growth because I applied both
methods to the same temporally closed population (Tempel and Gutiérrez 2013). I also
predicted trends in age ratios estimated from camera trap data would follow trends in
radiomarked adult female survival and fawn recruitment as similarly shown by previous
studies (Roth and Amrhein 2010; Tempel and Gutiérrez 2013).

5

1.2
1.2.1

Methods
Study area
I conducted the study within a 248.9 km2 area of the south-central Upper

Peninsula of Michigan (45°43’47” N, 87°4’48” W). Mean elevation was 185 m above
sea level and topography was flat. Lowland forest was the prominent land cover and was
mainly coniferous with typical winter cover or browse species including eastern white
cedar (Thuja occidentalis), eastern hemlock (Tsuga canadensis), and balsam fir (Abies
balsamea). Upland forest was a mixture of coniferous and deciduous stands, including
pine (Pinus spp.), aspen (Populus spp.), maple (Acer spp.), and birch (Betula spp.).
Grassland and shrubland were typically mixed and sparse across the study area. The
western portion of the study area was interspersed with pasture and cropland. Road
density was about 1.68 km/km2 and permanent water (i.e., rivers and stream) density was
about 1.05 km/km2. Mean daily snow depth during the study was 9.60 cm (SE = 0.51)
from January through March 2009–2011 based on data collected from a weather station
sensor (Ultrasonic Depth Sensor, Judd Communications LLC, Salt Lake City, UT) I
placed in the center of the study area. Mean monthly temperature from January through
March 2009–2011 was -5.69 °C (range = -12.44–2.50) and from September through
October was 7.03 °C (range = -17.80–16.10) based on data collected from a weather
station sensor (model 107-L, Campbell Scientific Inc., Logan UT).
1.2.2

Deer capture and monitoring
I opportunistically captured female white-tailed deer (age ≥ 1.5 year, n = 101) in

baited collapsible Clover traps (Clover 1956) or air-powered cannon nets from January to
March 2009–2011. I manually restrained deer by collapsing the traps and hand-injected
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deer intramuscularly with a 3:1 (4 ml dose) or 4:1 (5 ml dose) combination of 100 mg/ml
ketamine (Ketaset®; Fort Dodge Laboratories, Inc., Fort Dodge, IA) and 100 mg/ml
xylazine (X-Ject E™; Butler Schein Animal Health, Dublin, OH; Duquette et al. 2013). I
fitted pregnant deer (Duquette et al. 2012) with very high frequency radiocollars (Model
500, Telonics, Mesa, AZ, USA; Model 2610B, Advanced Telemetry Systems Inc., Isanti,
MN) and vaginal implant transmitters (model 3930, Advanced Telemetry Systems Inc.,
Isanti, MN). Radiocollars were equipped with motion-sensitive mortality switches that
indicated a collar was stationary for ≥ 8 h (e.g., possible mortality) and precise event
transmitters that provided an estimate of length of time the radiocollar was stationary. I
extracted a lower canine for age estimation (Nelson 2001) conducted by the Michigan
Department of Natural Resources, Wildlife Disease Laboratory. I categorized adult deer
into age classes including yearlings (1.5 years old), prime-aged (2.5–6.5 years old), or
late-aged (7.5–15.5 years old) because of potential survival (DelGiudice et al. 2006) and
reproduction (Verme 1969) differences among these age classes. I administered 1.5 ml
(10 mg/ml) or 2.2–7 ml (2 mg/ml) of yohimbine (Hospira©; Forest Lake, IL)
intravenously or intramuscularly to antagonize effects of xylazine (Kreeger and Arnemo
2007). I released all deer at respective capture sites. I assessed variation in deer age
structure among years using a Kruskal-Wallis test (Zar 1999) to evaluate potential
survival and pregnancy bias from age structure variation among years.
I captured neonatal fawns (≤ 15 days old) opportunistically or with vaginal
implant transmitter searches (Carstensen et al. 2003) from May to July 2009–2011. I
fitted fawns with expandable radiocollars (model 4210, Advanced Telemetry Systems
Inc., Isanti, MN) with motion-sensitive mortality switches that indicated the collar was
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stationary for ≥ 8 h and precise event transmitters that recorded timing of the mortality
event switch. I attached white ear tags (model agpf#1, Allflex®, DFW Airport, TX),
identified sex, and estimated age and birth date based on new hoof growth (Carstensen et
al. 2009). The Mississippi State University Institutional Animal Care and Use
Committee (#09-004) approved all capture and handling procedures.
Each year I relocated radiomarked adult females ≥ 1 time weekly from capture to
the last week of April, and adult females and fawns ≥ 5 times weekly from 1 May–31
August and ≥ 1 time weekly September through March, using truck-mounted and aerial
radiotelemetry. I estimated adult female locations using ≥ 3 bearings collected within 20
min (Millspaugh and Marzluff 2001) and Location of a Signal 4.0 software (Ecological
Software Solutions LLC). I excluded locations with error ellipses larger than the mean
error (4,230 m2) of telemetry locations from all individuals conducting aerial and groundbased telemetry. I located adult and fawn radiocollars within 24 h (88% of mortalities ≤
6 h) of detecting a mortality signal and recorded if the signal was due to deer mortality or
other causes (e.g., slipped collar). I censored deer with radiocollars that failed or were
slipped before 52 weeks post-capture and excluded adult deer mortalities that occurred ≤
14 days after capture as possible capture myopathy (Beringer et al. 1996).
1.2.3

Abundance
I used ArcMap 10.0 (Environmental Systems Research Institute 2010) and R

package ks (Duong 2007) with unconstrained plug-in smoothing parameter to estimate
the core area (50% fixed kernel isopleth) used by radiomarked adult females with ≥ 30
radiolocations (Millspaugh and Marzluff 2001) from date of capture through 24 July
2009. I created a minimum convex polygon encompassing all telemetry locations of
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radiomarked adult females (n = 27) through 24 July 2009 to define the study area (248.9
km2) within which the population was considered temporally closed. I created a nonoverlapping hexagonal grid across the study area where each hexagon equaled the mean
50% fixed kernel home range size (1.58 km2) of deer. I considered each grid cell a
camera sampling area. I developed the sampling grid using deer captured in 2009
because I wanted to base the grid on radiomarked deer space use and only had 2009 data
available for the initial survey, but needed to maintain the same grid across years for
comparison and occupancy modeling (MacKenzie et al. 2006). Also, I assumed that
using mean space use of adult females would provide a biologically relevant camera
sampling area size which would reduce deer visiting > 1 camera and allow me to better
meet the model assumption that site occupancy is constant throughout the survey (Fiske
and Chandler 2011). I used a generalized random-tessellation stratified design (Stevens
and Olsen 2004) to assign half the cameras to randomly selected cells with no
radiomarked doe use and remaining cameras to cells with known radiomarked deer use. I
used this design to spatially balance cameras across the study area and permit
replacement of sample quadrats which were lost due to navigation hazards or nonapplicable cells (e.g., lake). Also, cameras placed into cells with known deer use were
intended to evaluate detection rates of radiomarked deer for future surveys.
Within each selected cell, I chose sites that had recent evidence of deer use (e.g.,
fecal pellets) and in vegetation (e.g., early successional forest) I believed would
maximize the number of deer images. I pre-baited sites with 11.3 kg of corn 10 days
before setting cameras and rebaited ad libitum during surveys. Each year I deployed 54
Cuddeback® Excite infrared cameras (Non Typical Inc., De Pere, WI) for 10 days at sites
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using a 5-min delay between images, which I considered adequate sampling time with
continuous bait (Dougherty and Bowman 2012). I attached cameras to trees 75 cm above
ground to approximate the mid-chest height of radiomarked females. I conducted annual
surveys in September, but included the first week of October in 2011, and divided
surveys into 2 or 3 consecutive 10-day periods due to logistical constraints. I recorded
number of fawns and adult females observed on images to estimate sex and age ratios. I
converted adult female and fawn data, irrespective of marking (i.e., presence of ear tags
or radiocollar), to detection/non-detection for each sample day to model abundance.
I used package unmarked (Fiske and Chandler 2011) for R 3.0.0 software (R Core
Team 2013) to estimate adult female and fawn abundance with the occuRN function and
Poisson distribution to characterize site abundance. The occuRN function models
population abundance using detection/non-detection data of unmarked individuals by
linking heterogeneity in detection probability to differences in site abundance (Royle and
Nichols 2003). The Royle-Nichols model assumes that: 1) animal detections are
independent, 2) detection probability of a single animal is assumed to be constant across
time, and 3) occupancy state at a site remains constant throughout the season. I evaluated
detection covariates including total area of deciduous, coniferous, or lowland forest in
models because I assumed vegetative composition could influence deer behavior (e.g.,
foraging) around camera sites. To obtain covariates I clipped 2006 national landcover
data (30 m pixels; United States Geological Survey 2011) within each camera grid cell. I
combined mixed forest with deciduous forest into a deciduous forest classification and
woody wetlands with emergent herbaceous wetland into a lowland forest classification
using ArcMap 10.0 (Environmental Systems Research Institute 2010) to reduce over10

parameterizing models. I used class metric analyses in program FRAGSTATS 3.4
(McGarigal and Marks 1995) to obtain landcover covariate estimates. I used a
Spearman-rank test to evaluate covariates for collinearity prior to fitting models. I used
daily detection/non-detection of adult females or fawns over the 10-day survey periods to
develop encounter histories. I then used encounter histories within 4 abundance models to
estimate density and abundance of adult females or fawns each year during 2009–2011,
including 3 vegetation covariate models and a null model. I evaluated model fit using a
parametric bootstrap (n = 100) method based on a chi-square test statistic and ranked
models using Akaike’s Information Criterion corrected for small sample size (AICc;
Burnham and Anderson 1998). I retained deer density estimates only from the top model
or model averaged estimates for models ≤ 2 AICc of the top model (Burnham and
Anderson 1998). I estimated annual deer abundance by extrapolating deer density site
estimates to the study area and obtained a pooled estimate by summing adult female and
fawn relative abundances in each year. I calculated percentage change in abundance of
adult females or fawns by subtracting annual abundance from previous year abundance
and dividing by previous year abundance. I used α = 0.05 for occupancy analyses.
1.2.4

Reproduction and recruitment
I estimated annual pregnancy rates of captured adult females using pregnancy-

specific protein B (Duquette et al. 2012). I used the Pradel survival and recruitment
model (Pradel 1996) in program MARK (White and Burnham 1999) to estimate annual
radiomarked fawn recruitment from estimated birth date to 52 weeks. The Pradel model
is a temporal symmetry model that uses a forward-time model for survival and a reversetime model for recruitment that directly estimates λ from the temporal encounter histories
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of the age class (Pradel 1996). I used the Pradel model because probability of fawn
relocation was < 100% and also did not include fawns that were censored before 52
weeks due to collar failure. I used a staggered entry design and categorized fawns into
groups using 7-day birth periods with each annual start date equal to the earliest fawn
birth date in that year. Encounter histories were developed using alive or dead status of
fawns at 7-day intervals following their respective start dates. Within each year, I
combined groups with analogous encounter histories into frequency sets. I estimated
combined male and female fawn recruitment to facilitate comparisons with the camera
trap data, which did not allow me to differentiate male and female fawns. I estimated
annual fawn:adult female ratios using abundance estimates from remote camera surveys
by dividing annual fawn abundance by adult female abundance. I presumed detectability
of adult females and fawns was equal because surveys occurred after fawns were
completely mobile and functional ruminants (Verme 1989), allowing them to
independently be captured by cameras. Additionally, I assumed fawn:adult female ratios
observed during the survey were representative of ratios at time of annual recruitment
because I observed minimal winter mortality rates for radiomarked fawns after
completion of camera surveys (Bender 2006).
1.2.5

Survival
I used Kaplan-Meier models in the survival package (Therneau 2012) in R 3.0.0

software (R Core Team 2013) to estimate annual radiomarked adult female survival over
weekly intervals from capture to 52 weeks post capture. I used a staggered entry design
and categorized deer into groups based on 7-day capture periods with each annual
starting date equal to the earliest capture date. I used adult female age class as the
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predictor (time) variable and presence or absence of mortality as the response (status)
variable. I used Cox proportional hazards models to assess capture week (i.e., group) as a
covariate of survival and evaluated its influence using the likelihood ratio and Wald test,
with α = 0.05.
I developed a Leslie matrix (Leslie 1945) and used Poptools (Version 3.2; Hood
2011) to estimate λ of deer based on estimated adult female age class-specific survival
and pregnancy rates. I evaluated 2 annual models for years 2010–2011. I assigned prioryear annual age class-specific survival rates to prime- and late-aged deer and used lateaged rates for yearlings because I believed original estimates (0.97–1.00) did not reflect
mortality patterns of yearling deer in northern ranges (DelGiudice et al. 2002), likely due
to limited sample size (n = 9) across years. I assigned same-year pregnancy rates to
prime- and late-aged deer, but I reduced yearling pregnancy rate to 0.70 of annual
estimates to account for reduced pregnancy rate of this cohort (Duquette et al. 2012); I
did not observe evidence of reproductive senescence (DelGiudice et al. 2007). I assumed
fawns did not contribute to population growth because they did not reproduce during the
study (Duquette et al. 2012) and a 1:1 sex ratio at birth (Verme 1983). I developed the
age-structured projection matrix (1.1),
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composed of elements for pregnancy (Fy = yearling, Fp = prime-aged, Fl = 7.5
years, Fith = subsequent late-aged values [8.5–15.5 years]) in the first row and age classspecific survival (Sy = yearling, Sp = prime-aged, Sl = late-aged [7.5 years], Sith =
subsequent late-aged values) on subsequent off-diagonal rows, for ith age. Using (1.1),
population size of each age-class (nith) and age structure (N) can be calculated between
times t and t + 1 from (1.2):

N t 1  AN t

(1.2)

I constructed the base model using only the female portion of the population using a
density independent model with a year time step. The left eigenvector of A gives the
expected relative contribution of a female in a given age group to future population
growth. I used equation 7.94 in Skalski et al. (2005) to estimate standard errors for λ.
1.3
1.3.1

Results
Deer capture and monitoring
I captured and radiomarked 87 individual adult female deer (30, 26, and 31 in

2009–2011, respectively) in Clover traps (n = 81) or air-powered cannon nets (n = 6)
from 7 January–21 April 2009–2011; 95% of deer were captured before 20 March. Three
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deer were recaptured in subsequent years following their initial capture in 2009 (n = 1) or
2010 (n = 2) and are included in analyses, resulting in N = 90. Deer age was similar
among years (Kruskal-Wallis test, H2 = 1.3, P = 0.52) and mean age was 6.8 years (SD =
4.2). Nine deer were yearlings, 37 were prime-aged, and 44 were late-aged.
I captured and radiomarked 127 fawns and estimated their birth dates from 14
May to 23 June 2009–2011. Of the 127 fawns, I captured 93 fawns opportunistically and
34 during vaginal implant transmitter searches.
1.3.2

Abundance modeling
I recorded 9,812 images of deer from 54 cameras in 2009, 8,159 images from 54

cameras in 2010, and 6,749 images from 43 cameras in 2011. Eleven cameras
malfunctioned during deployment in 2011. Camera density in 2009 and 2010 was 1/4.6
km2 and in 2011 was 1/5.8 km2. Radiomarked adult females were observed at 35 of 75
functioning cameras placed in known core use areas. No vegetation covariates of
detection were correlated (Spearman-rank test, ρ = -0.07– -0.46). Abundance models had
no evidence of lack of fit (Chi-square goodness of fit test, Χ2 = 5.8–6.3, P = 0.17–0.98;
Tables 1.1, 1.2). All covariates of deer detection competed (≤ 2 ΔAICc) with null models
for adult females and fawns, but forest types were all inversely related to deer detection.
Confidence intervals of detection coefficients for adult females and fawns overlapped
indicating detection rates were similar between adult females and fawns. Mean adult
female relative abundance was similar among years (Table 1.3) with densities of 4.8 ±
1.2/km2, 4.9 ± 1.2/km2, and 3.9 ± 0.7/km2 in 2009–2011, respectively. In contrast, fawn
relative abundance was similar between 2009 and 2011, but greater in 2010 compared to
other years (Table 1.3) with densities of 1.0 ± 0.2/km2, 2.1 ± 0.4/km2, and 1.3 ± 0.3/km2
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in 2009–2011, respectively. Mean combined adult female and fawn population relative
abundance was similar among years (Table 1.3) with densities of 5.8 ± 1.4/km2, 6.8 ±
1.6/km2, and 5.2 ± 0.9/km2 in 2009–2011, respectively.
1.3.3

Reproduction and recruitment
Overall deer pregnancy rate was 94% and 95 deer (87 of 88 adults, 8 of 10

yearlings, and 0 of 3 fawns) were confirmed pregnant; 6 females were not pregnant.
Mean fawn recruitment increased by 97.0% from 2009 to 2010, but standard errors
showed estimates were similar. From 2010 to 2011 mean recruitment decreased 75.3%
and estimates did not overlap (Table 1.4). Similarly, mean fawn:adult female ratio
increased 115.0% from 2009 to 2010, but decreased 23.3% from 2010 to 2011, though
standard errors showed all ratios overlapped (Table 1.3). Mean fawn abundance
supported trends in recruitment and ratios, increasing about 110% from 2009 to 2010, but
decreasing about 37% from 2010 to 2011, with estimates overlapping only in 2009 and
2011 (Table 1.3).
1.3.4

Survival
Adult female survival was 0.78 in 2009 and 2010, but decreased 23 % from 2010

to 2011 (Table 1.4). Similarly, mean adult female abundance was nearly identical
between 2009 and 2010, but decreased about 19 % between 2010 and 2011, though
standard errors showed all estimates overlapped (Table 1.3). Estimated yearling survival
was relatively constant and nearly 100% across years, likely due to limited sample size.
Prime- and late-aged deer survival was greatest in 2010, but late-aged deer exhibited a 33
% decrease in survival in from 2010 to 2011. Group (i.e., capture week) did not
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influence survival among years (Wald test, z = -0.26– -1.34, P = 0.18–0.80). I censored 5
deer in 2011 due to presumed radiocollar failure, but all deer in other years were
monitored for the complete annual period.
1.3.5

Population growth rate
Estimated λ based on radiomarked adult female survival and fawn recruitment

showed the population increased about 10% from 2009 to 2010, but decreased about 23%
from 2010 to 2011 (Table 1.4). Comparatively, mean pooled population growth
estimated from camera trap data showed the population increased about 17% from 2009
to 2010, but decreased about 24% from 2010 to 2011, though standard errors showed all
estimates overlapped (Table 1.3).
1.4

Discussion
Radiotelemetry data and Royle-Nichols occupancy models showed a similar trend

in deer population growth, supporting my prediction. Moreover, these methods showed
yearly population growth estimates of about the same magnitude, with generally similar
increases between 2009 and 2010 and decreases between 2010 and 2011. Trends in
abundance and survival estimates of adult females or abundance and recruitment of fawns
also generally corroborated each other across years. I could not determine how well
radiotelemetry or occupancy models estimate actual abundance because I did not have
independent census estimates. Nonetheless, deer densities extrapolated from abundance
estimates appeared to be reasonable based on my observations of deer prevalence across
the study area. These results support the suggestion of Tempel and Gutiérrez (2013) that
unmarked occupancy models using detection/non-detection data can provide reliable
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inferences on population trends. Although Royle-Nichols occupancy models appeared
able to reflect trends in population growth, estimates had relatively wide variation, likely
from using detection/non-detection data to estimate site density. Specifically, deer used
some sites immediately and throughout the survey whereas others were not used at all,
which likely produced greater heterogeneity in site density estimates. Nonetheless,
monitoring trends in unmarked deer population growth may be of greater management
interest than actual abundance estimates (DeCesare et al. 2012). Compared to occupancy
modeling, radiotelemetry appeared to provide more precise estimates of deer population
growth. Radiotelemetry likely provided greater precision because the fate of each animal
was known and age-specific variation in survival and recruitment was directly
incorporated into matrix models (Skalski et al. 2005).
Fawn:adult female ratios generally reflected radiomarked fawn recruitment,
supporting prediction and previous recommendations (Bender 2006; Harris et al. 2008)
that age ratios are useful for understanding ungulate population dynamics. Also, remote
cameras were useful for efficiently collecting large samples to estimate patterns in deer
age ratios and supported results of previous camera-based surveys (Koerth et al. 1997;
Ikeda et al. 2013). Although 2009 and 2010 age ratios closely reflected variation in fawn
recruitment, the 2011 ratio did not proportionally decrease as much as 2011 recruitment.
This discrepancy was likely due to the limited ability of occupancy models to estimate
the decreased survival of adult females during 2011, resulting in a more even age ratio
than expected based on recruitment. For this reason I recommend estimating consecutive
years of age ratios (DeCesare et al. 2012) and concomitantly monitoring adult female
survival via telemetry to better interpret age ratios (Caughley 1974; McCullough 1994).
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Additionally, I estimated age ratios when fawns were 4–5 months of age, which possibly
biased abundance estimates and comparability among years because additional
mortalities could have occurred after camera surveys. Despite this concern, mortality
rates of radiomarked fawns after camera survey completion to 52 weeks of age were
similar across years (10–15%) and therefore mortality bias across years was likely
minimal. Trends in fawn recruitment and age ratios were also supported by firearm deer
hunter observations during November in the west-central Upper Peninsula, where hunters
observed 44, 58, and 54 fawns per 100 adult females from 2009 to 2011, respectively
(Michigan Department of Natural Resources 2009–2011). Finally, I did not separately
estimate male and female fawn abundance due to my inability to differentiate sexes
during camera surveys. Despite this limitation I suggest trends in fawn abundance across
years reflected variation in female fawn abundance because female fawns often have
equal or greater recruitment than male fawns due to greater mortality rates of males (e.g.,
Jackson et al. 1972).
Occupancy modeling of unmarked deer using baited camera sites also has
several biases which should be considered. First, I could not directly control for baitinduced heterogeneity in animal detection (Watts et al. 2008; McCoy et al. 2011) during
camera surveys. Deer are known to form social hierarchies (Hawkins and Klimstra
1970), which could have potentially violated the assumptions of independent animal
detections and constant detection probability of a single animal across time (McCoy et al.
2011). However, maternal defense of fawns should have been mainly dissolved by the
time surveys took place (Ozoga et al. 1982) and continuous bait availability should have
allowed all deer equal access to bait over time. Also, continuous bait potentially
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increased animal detection and decreased width of abundance confidence intervals and
may be preferred over unbaited cameras (Dougherty and Bowman 2012). Several images
were often needed to identify the sex or age class of individual deer and bait likely
increased duration of deer visits and facilitated identification. Finally, detection rates of
radiomarked adult females were poor, with 35 radiomarked adult females detected at 75
cameras placed in known core use areas of radiomarked adult females. Poor detection
rates likely resulted from sparse camera density, particularly because radiomarked deer
often took several days to locate bait or did not find or use bait throughout the survey. I
suggest researchers use a greater number of marked animals and/or increase camera
density (e.g., 1 camera/65 ha; Jacobson et al. 1997) than my surveys when establishing a
camera sampling area. I also suggest researchers consider exploring other unmarked
occupancy models using count data (e.g., PCount model; Fiske and Chandler 2011) to
estimate deer abundance and potentially reduce variation of site abundance associated
with detection/non-detection data.
Radiotelemetry also has biases which can violate model assumptions when using
these data to estimate population growth. First, animals are typically not equally
catchable, which can bias vital rate estimates from radiotelemetry data (Millspaugh and
Marzluff 2001). I suggest my sample of radiomarked deer was relatively representative
of the population because adult females had relatively wide variation in body condition
and age (Duquette et al. 2013). Also, nearly an equal number of male and female fawns
were captured opportunistically and with organized searches throughout the study area.
Second, researchers commonly do not monitor marked ungulate survival or recruitment
throughout the entire year (e.g., Carstensen et al. 2009), which could suffice in
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landscapes where minimal mortality occurs after camera survey completion, as I
observed. However, deer can experience substantial winter mortality (Fuller 1990;
DelGiudice et al. 2002); suggesting vital rates should be monitored throughout the year to
provide more accurate estimates for populations likely to experience greater winter
mortality.
Radiotelemetry and unmarked occupancy each have advantages and
disadvantages for estimating population growth. First, radiotelemetry provides estimates
of age-specific survival (DelGiudice et al. 2006) and reproductive rates (Grund and
Woolf 2004; Duquette et al. 2012), which cannot be directly estimated with the RoyleNichols occupancy model. However, Roth and Amrhein (2010) showed unmarked
occupancy models of a territorial avian species provided unbiased estimates of survival
which closely reflected those from mark-recapture models. Second, radiotelemetry data
and Royle-Nichols occupancy models can provide estimates of population growth, but
occupancy models can also estimate species abundance. Nonetheless, occupancy model
estimates can be difficult to interpret because abundance typically varies over sites and
detection depends on abundance, which can introduce greater estimate bias (e.g.,
attenuation in detection; Welsh et al. 2013). This bias likely increased variation in
abundance estimates. Third, radiotelemetry is often labor intensive and expensive due to
capture and marking of animals (Millspaugh and Marzluff 2001), which can limit these
studies to small geographic areas (Tempel and Gutiérrez 2013). In contrast, occupancy
studies allow geographically extensive areas to be surveyed because only detection/nondetection or count data of unmarked individuals is needed and can be collected with less
overall labor (i.e., marking), compared to other remote camera-based estimators (e.g.,
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Jacobson et al. 1997) that require identifying individuals. Remote cameras are
particularly useful for simultaneously collecting ungulate abundance (Watts et al. 2008;
Dougherty and Bowman 2012) and age ratios (Ikeda et al. 2013), which can provide
information on maximum sustainable mortality for adult females (Bender 2006).
Further, remote cameras can standardize sampling that can be biased with other methods
(e.g., thermal imaging; Haroldson et al. 2003) because of variation in equipment
operators and environmental conditions. Finally, many abundance estimators, including
the Royle-Nichols occupancy model, can incorporate covariates of detection, such as
habitat metrics (Anderson et al. 2013) or proportion of marked animals observed during
surveys (DeYoung et al. 1989) to estimate variance of abundance. Radiomarked animals
can be useful to estimate detection rates (Fuller 1990), but locating these animals may be
tedious and require marked animals to have working transmitters and remain in the study
area. In comparison, occupancy models use the detection history of unmarked animals to
assess heterogeneity in site abundance (Fiske and Chandler 2011), which could be make
this method preferable over other methods (e.g., aerial surveys; Haroldson et al. 2003;
Storm et al. 2011) in forested landscapes with variable weather conditions.
I suggest the Royle-Nichols occupancy model and radiotelemetry data can
provide useful methods of estimating deer population growth across a relatively large and
forested area. I also suggest the Royle-Nichols occupancy model and radiotelemetry data
are more advantageous than indices (e.g., pellet counts; Urbanek et al. 2012) because
abundance can be directly estimated or incorporate corrections for detectability and
confidence intervals can be estimated. If population trends and demography are being
sought, I suggest the Royle-Nichols occupancy model using detection/non‐detection data
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collected from remote cameras may be preferable because marking deer is not required
(e.g., Watts et al. 2008), reducing labor and costs (McCoy et al. 2011). Conversely,
capturing and radiomonitoring deer provides more precise estimates of population
growth, as well as estimates of vital rates which most influence population growth.
Choice of population growth estimation method should depend on study objectives,
logistics, and breadth and precision of data desired.
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a

562.18
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560.50

559.73

547.61

547.54

545.73

545.68

AICc

2.45

1.99

0.77

0.00

1.94

1.86

0.06

0.00

ΔAICc

4.57 (1.11)

4.67 (1.16)

4.86 (1.24)

4.86 (1.24)

4.77 (1.20)

4.78 (1.20)

5.00 (1.30)

4.76 (1.28)

(SE)

Site abundance

-0.05 (0.08)

0.07 (0.08)

1.52 (0.24)

0.14 (0.08)

-0.02 (0.08)

-0.03 (0.08)

0.11 (0.08)

1.56 (0.25)

(SE)

Abundance coefficient

-0.85 (0.31)

-0.88 (0.31)

-0.84 (0.31)

-0.93 (0.32)

-0.79 (0.33)

-0.79 (0.33)

-0.85 (0.34)

-0.78 (0.33)

(SE)

Detection coefficient

Occupancy models incorporating covariates of vegetation heterogeneity to estimate population abundance of unmarked
adult female white-tailed deer (≥ 1.3 years old; Odocoileus virginianus) using remote infrared camera detection, 2009–
2011, Upper Peninsula of Michigan, USA.

Year

Table 1.1

24

2011

3
3
2
3

Lowland forest area

Deciduous forest area

Null

Coniferous forest area

Table 1.1 (Continued)

508.57

506.62

506.58

505.80

2.76

0.82

0.78

0.00

3.88 (0.69)

3.90 (0.69)

3.88 (0.69)

3.90 (0.69)

0.02 (0.10)

1.33 (0.17)

0.14 (0.09)

-0.16 (0.09)

-1.00 (0.20)

-1.00 (0.20)

-1.04 (0.21)

-1.05 (0.21)

Models were ranked using Akaike’s Information Criterion corrected for small sample size (AICc) and K is the number of parameters.
Estimated adult females/site and coefficients and standard errors (SE) of site abundance (log-scale) or detection (logit-scale) are
presented.

a

25

2010

2009

Year

Table 1.2

26
3
3
3

Lowland forest area

Coniferous forest area

3

Lowland forest area

Deciduous forest area

3

Coniferous forest area

2

3

Deciduous forest area

Null

2

K

Null

Model

a

647.17

646.63

645.95

645.70

512.94

512.65

511.37

510.94

AICc

1.47

0.93

0.25

0.00

1.99

1.70

0.42

0.00

ΔAICc

2.03 (0.38)

2.05 (0.38)

2.06 (0.39)

2.06 (0.39)

0.98 (0.18)

0.98 (0.18)

0.97 (0.18)

0.98 (0.18)

(SE)

b

Site abundance

0.08 (0.11)

-0.12 (0.11)

0.15 (0.11)

0.70 (0.18)

-0.01 (0.16)

0.08 (0.15)

-0.23 (0.19)

-0.02 (0.19)

(SE)

Abundance coefficient

-1.06 (0.21)

-1.07 (0.21)

-1.09 (0.21)

-1.05 (0.20)

-0.89 (0.18)

-0.89 (0.18)

-0.89 (0.18)

-0.89 (0.18)

(SE)

Detection coefficient

Occupancy models incorporating covariates of vegetation heterogeneity to estimate population abundance of unmarked
fawn white-tailed deer (< 1 year old; Odocoileus virginianus) using remote infrared camera detection, 2009–2011, Upper
Peninsula of Michigan, USA.

b

a

2011

3
2
3
3

Deciduous forest area

Null

Coniferous forest area

Lowland forest area

Table 1.2 (Continued)

420.45

419.64

418.76

416.91

3.54

2.73

1.86

0.00

1.29 (0.25)

1.27 (0.25)

1.27 (0.25)

1.30 (0.26)

-0.09 (0.15)

-0.18 (0.18)

0.25 (0.19)

0.29 (0.13)

-1.11 (0.20)

-1.10 (0.20)

-1.10 (0.20)

-1.16 (0.20)

Models were ranked using Akaike’s Information Criterion corrected for small sample size (AICc) and K is the number of parameters.
Estimated fawns/site and coefficients and standard errors (SE) of site abundance (log-scale) or detection (logit-scale) are presented.

27

-

-

-

-

-

6631

851

5780

10.3

113.8

-2.5

391.4

95.8

302.0

SE

43 : 100 32 : 100

17.0

109.7

-1.0

1690.0

510.3f

1193.9

Images Estimate

2010

-

-

-

-

10628

2690

7938

b

-40.1

-33.7

-43.1

234.6

63.5

171.7

SE

2011

33 : 100 37 : 100

-23.8

-37.3

-18.8

1287.4

319.8

969.1

Images Estimate

Deer abundance estimates and standard errors (SE) reported from the top abundance model or model averaged estimates including models ≤ 2 AICc of top model (Burnham and Anderson 1998).
Estimated from 10 day occupancy survey using baited camera traps across 248.9 km2 area.
c
Summation of abundance estimates for adult female and fawns.
d
Percentage change between estimate and preceding year estimate.
e
Ratio of fawn abundance and adult female abundance.
f
Differed from 2009 and 2011 fawn abundance.

a

-

Pooled population growth (%)d

-

-

354.7

44.8

309.9

SE

20 : 100 14 : 100

-

Fawn population growth (%)d

Fawns : adult femalese

-

Adult female population growth (%)d

Pooled population abundancec
1444.9

243.3

Fawn abundanceb

Estimatea

1201.6

Demographic

2009

-

-

-

-

2299

545

1754

Images

Summary of abundance, age ratio, and camera image estimates for adult (≥ 1.3 years old) and fawn (≤ 5 months old)
white-tailed deer (Odocoileus virginianus) obtained from remote camera surveys, September–October 2009–2011, Upper
Peninsula of Michigan, USA.

Adult female abundanceb

Table 1.3

28

Table 1.4

29

0.97
0.83
0.65

Yearling survivalb

Prime-age survival

Late-age survival

N

2

-

-

0.11 14

0.07 14

0.03

0.07 32

0.22 46

SE

1.10

0.75

0.92

1.00

0.78

0.97d

Estimate

0.01

0.10

0.05

-

0.08

0.27

SE

2010

-

16

9

2

27

39

N

b

0.02

-

0.12 14

0.42f
0.87g

0.07 14

5
0.83

0.03

0.09 31

0.55e
0.97

0.11 42

N

0.24

SE

2011
Estimate

Recruitment or survival estimated to 52 weeks from birth or capture date, respectively.
Adjusted to annual late-age class survival rates for population growth estimates.
c
Estimated from female age-specific survival and reproduction based Leslie matrix model.
d
Differed from 2011 recruitment.
e
Differed from 2009 and 2010 adult female survival.
f
Differed from 2009 and 2010 late-age survival.
g
Differed from 2010 population growth.

a

-

0.78

Pooled female survival

Population λc

0.50

Estimate

Recruitmenta

Characteristic

2009

Survival and recruitment (fawns/adult females) estimates and standard errors (SE) of white-tailed deer (Odocoileus
virginianus) captured and radiomarked as adult (≥ 1.6 years old) or neonatal fawns (≤ 15 days old), 2009–2011, Upper
Peninsula of Michigan, USA.
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CHAPTER II
EFFECTS OF MATERNAL NUTRITION, RESOURCE USE, AND MULTIPREDATOR RISK ON NEONATAL WHITE-TAILED DEER SURVIVAL2

2.1

Introduction
Survival of neonates is typically more influential to ungulate population growth

than other vital rates due to wide temporal variation (Nelson and Woolf 1987, Sams et al.
1996, Duquette et al. 2014) and greater susceptibility of neonates to limiting factors
(Caughley 1966, Gaillard et al. 1998, Gaillard et al. 2000). Neonatal mortality in
ungulates is sensitive to variation in numerous biological and environmental factors
(Gaillard et al. 2000), but especially body condition at birth (Nelson and Woolf 1987,
Sams et al. 1996, Carstensen et al. 2009), limiting resources (e.g., hiding vegetation;
Bongi et al. 2008, White et al. 2010), and predation (Panzacchi et al. 2010). These
factors are often interrelated and affect survival directly through predation or indirectly
through resource use and maternal nutritional effects which can influence neonate body
growth and consequently survival (Pettorelli et al. 2005, Monteith et al. 2009, Tollefson
et al. 2011). Additionally, weather conditions can mediate the magnitude which these
factors, including predation (Bergerud and Page 1987, Carstensen et al. 2009, Griffin et
2

Duquette JF, Belant JL, Beyer Jr DE, Svoboda NJ, Lederle PE (2014) Effects of
maternal nutrition, resource use, and multi-predator risk on neonatal white-tailed
deer survival. PLoSONE: In press.
36

al. 2011), affect survival. Hence, identifying limiting factors that cause variation in
survival of neonates presents a major consideration for understanding ungulate
population growth and management (White et al. 2010).
Survival rates of neonate ungulates often decrease the greatest during the first
three months of life (e.g., Vreeland et al. 2004) when maternally dependent. Neonate
dependency on dams can influence their survival through variation in the nutritional
condition (Verme 1977, Carstensen et al. 2009) and resource use of dams (Verme 1985,
Therrien et al. 2008), which can make neonates vulnerable to predation (Ballard et al.
1999, Rohm et al. 2007, Kittle et al. 2008, Kilgo et al. 2012, Sivertsen et al. 2012).
Although predation directly limits survival, spatiotemporal variation in predation risk can
indirectly mediate resource selection of parturient females and survival of neonates
(Farmer et al. 2006, Bongi et al. 2008). During spring-summer, parturient females must
use behavioral trade-offs to acquire forage to meet nutritional demands (Pettorelli et al.
2005) while reducing predator detection of neonates (Bongi et al. 2008, Van Moorter et
al. 2009, Panzacchi et al. 2010). For example, parturient females may reduce predator
detection (Ciuti et al. 2004) by modifying their vegetation and space use (e.g., parturition
areas; (Pierce et al. 2004, Bongi et al. 2008, Panzacchi et al. 2010), increasing vigilance
(Frid and Dill 2002, Kjellander et al. 2004, Ferrari et al. 2007, Sirot 2010), or using
refuge cover (Creel et al. 2005, Atwood et al. 2007, Beauchamp and Ruxton 2011).
However, annual variation in vegetation available for forage and neonate hiding cover
can influence the magnitude to which dams have to trade-off nutritional gain with hiding
fawns and avoiding predators. Therefore, neonate survival is an appropriate metric to
assess the influence of trade-offs in resource use and predation risk on population growth.
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Although a single predator species can directly limit survival of neonates (e.g.,
Jackson 2011), multiple predators can have cumulative negative effects on survival
(Gustine et al. 2006) and population growth (Messier 1994). Ungulates using multipredator landscapes face challenges of variation in species-specific predator hunting
strategies (Sih 2005, 2012) and temporal efficacy of predation (Vreeland et al. 2004,
Barber-Meyer et al. 2008). Variation in predation risk can mediate ungulate selection or
avoidance of particular resources (Gustine et al. 2006, Griffin et al. 2011), and can have
underlying additive or interactive effects on survival beyond that of resource selection
alone (Arlt and Pärt 2007). Behavioral trade-offs in resource selection and speciesspecific predator avoidance are therefore essential to survival of white-tailed deer
(Odocoileus virginianus), but may be confounded by avoidance of multi-species
predation risk. For example, parturient females may select specific resources to avoid
wolves, which can expose neonates to greater risk from alternative predators (Atwood et
al. 2007). Assessing interactive effects of resource use of neonates, predator risk, and
weather conditions can help elucidate variation in neonatal ungulate survival.
White-tailed deer fawns are maternally dependent for about 60 days postparturition (Verme 1989), meaning that their resource use and predation risk are dictated
primarily by dams (Grovenburg et al. 2012). To enhance nutritional intake and reduce
predators detecting fawns, parturient females isolate from conspecifics and adjust their
space use to areas with vegetation that provides hiding cover for fawns (Ozoga et al.
1982, Grovenburg et al. 2010, Panzacchi et al. 2010). Additionally, white-tailed deer
have been shown to select areas which reduce spatial overlap with primary predators such
as gray wolves (Nelson and Mech 1981, DelGiudice et al. 2002), though predators may
38

actively search areas of greater probability of encountering fawns (Demma and Mech
2009). However, if forage is limiting, parturient females may choose to increase
nutritional intake rather than avoid predation risk (Kittle et al. 2008). Therefore, the
hiding strategy of fawns (e.g., bedding in dense vegetation; Grovenburg et al. 2010) is
essential to reducing predator detection.
Studies assessing effects of predation risk on neonatal ungulate survival have
typically been limited to single predator species (Reylea 2005, Bongi et al. 2008,
Panzacchi et al. 2010), which may not fully reflect ungulate life history strategies within
multi-predator systems. I assessed daily survival of white-tailed deer fawns in relation to
resource use, concomitant cumulative resource selection of bobcats (Lynx rufus),
American black bears (Ursus americanus), coyotes (C. latrans), and gray wolves, birth
body mass, vegetation growth, and an index of winter weather severity during the fawn
post-partum period (May–Aug). I did not have behavioral data on parturient females
associated with fawns in study, but assumed maternal behaviors generally dictated
resource use and predator avoidance of fawns (Creel et al. 2005, Grovenburg et al. 2012).
Similar to DeCesare et al. (2013), I made 6 predictions describing different
resource use and predation risk relationships to survival outcomes in a landscape with
multi-predator risk. “Ideal resource use” prediction assumed variation in fawn survival
was influenced by ideal free resource selection of dams (Fretwell and Lucas 1970,
Sutherland 1970), whereby a decrease in ideal resource use would increase the mortality
hazard, irrespective of variation in predation risk. “Predation risk” prediction assumed
variation in fawn survival was influenced by variation in predation risk, whereby an
increase in predation would increase the mortality hazard, irrespective of variation in
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resource use. “Non-ideal resource use” prediction assumed a decrease in ideal resource
use would increase the mortality hazard with additive predation risk within those
resources further increasing the mortality hazard (Arlt and Pärt 2007). The “non-ideal
resource use” prediction also assumes that dam interpretation of habitat quality is
imperfect and their resource selection is not mediated by variation in predation risk (Arlt
and Pärt 2007, DeCesare et al. 2013). “Ecological trap” prediction assumed similar
resource use and predation risk relationships as “non-ideal resource use”, but assumed
that resource use was mediated by the variation in predation risk perceived by dams
leading to preference for poor-quality sink habitats (Battin 2004). “Maternal effects”
assumes annual variation in survival is influenced by birth mass and winter weather
severity or their interaction (Carstensen et al. 2009), irrespective of other variables.
“Hiding cover” assumed variation in survival was influenced by spring vegetation growth
phenology (Van Moorter et al. 2009), irrespective of other variables.
2.2
2.2.1

Methods
Study area
I conducted the study in the south-central Upper Peninsula of Michigan

(45°43’47” N, 87°4’48” W; Figure 2.1). Mean elevation is 185 m above sea level and
topography is flat. Lowland forests generally occurred away from roads and were mainly
composed of eastern white cedar (Thuja occidentalis), eastern hemlock (Tsuga
canadensis), and balsam fir (Abies balsamea) with areas of alder shrubs (Alnus spp.).
Upland forests included pine (Pinus spp.), aspen (Populus spp.), maple (Acer spp.), and
birch (Betula spp.) trees. Grasses and shrubs were mixed and uncommon in the study
area. The study area was interspersed with 10% cropland (mainly corn [Zea spp.] and
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soybeans [Glycine spp.]) and 3% pasture, mainly in the western half of the area.
Developed area included low density (0.09 km/km2) residential and recreational camps.
Roads were predominantly paved, but several were gravel or soil; overall road density
was 1.68 km/km2. Permanent water (e.g., rivers and lake shoreline) density was 1.17
km/km2. From 2009 through 2011, mean monthly temperature ranged from 10.4 °C in
May to 19.0 °C in August using a site-specific weather station sensor (model 107-L,
Campbell Scientific Inc., Utah, USA). Annual density of adult and fawn white-tailed
deer was 3.7–3.9/km2 and 0.6–1.3/km2, respectively, based on remote camera surveys
(Duquette et al. 2014). Bobcat density was 0.03/km2 (Stricker et al. 2012) and black bear
density was 0.14–0.19/km2 based on hair snare surveys (J. L. Belant, unpublished data).
Coyote density was 0.32–0.37/km2 based on howl elicitation surveys (Petroelje et al.
2014) and wolf density was 0.012/ km2 based on winter track surveys (T. R. Petroelje,
unpublished data).
2.2.2

Fawn capture and monitoring
I captured 129 neonatal fawns (estimated ≤ 15 days old; 69 males, 58 females, 2

unknown) opportunistically (n = 100) or with vaginal implant transmitter searches (n =
29; Carstensen et al. 2003) of radiocollared adult females from May to July 2009–2011.
These methods, particularly vaginal implant searches, allowed me to capture fawns
throughout the study area and minimize bias of captures near roads. I weighed fawns to
the nearest 0.01 kg using a spring scale (model #80020; Pesola®; Kapuskasing, Ontario,
Canada) and then fit each with an expandable radiocollar (model 4210, Advanced
Telemetry Systems Inc., Minnesota, USA). I attached 2 ear tags (model agpf#1, Allflex®,
Texas, USA), identified sex, estimated birth date and age based on new hoof growth
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(Carstensen et al. 2009), and then released fawns at respective site of capture. I estimated
fawn birth body mass by subtracting the average daily mass gain for northern, newborn
white-tailed fawns (0.2 kg) from the capture mass (Carstensen et al. 2009).
Each year, I relocated radiocollared fawns on a diel schedule up to 5 times/week
from birth to 31 Aug using truck-mounted 3 or 4 element Yagi antenna or aerial
radiotelemetry using a 2 element antenna. I recorded 76% of relocations during day
hours (07:00–18:59) and 24% were obtained during night hours (19:00–06:59). I
estimated fawn locations from the ground using ≥ 3 bearings collected within 20 min
(Millspaugh and Marzluff 2001) and Location of a Signal 4.0 software (Ecological
Software Solutions LLC, Hegymagas, Hungary). I aerially estimated fawn locations by
passing over each individual radiosignal ≥ 2 times at low altitude (i.e., ≤ 244 m) within
10 min and recording the location where I heard the loudest signal. I assessed telemetry
error for personnel conducting ground and aerial telemetry by placing 5 radiocollars in
forested or non-forested (e.g., pasture) vegetation and calculated mean ellipse error (2115
m2) from the known location of radiocollars and discarded locations with error ellipses
larger than the mean error.
After detecting a radiocollar mortality signal, I investigated mortality sites within
8 hr and assessed if the signal was due to fawn mortality or other causes (e.g., slipped
radiocollar). When mortalities occurred, I searched sites generally within 200 m of the
radiocollar and expanded searches if evidence of mortality was found within this search
zone. I attributed mortalities to specific predators based on predation characteristics,
carcass wounds, and site characteristics, which I compared to published descriptions
(Cook et al. 1971, White 1973, Ozoga and Verme 1982, Kunkel and Mech 1994).
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2.2.3

Resource use
I used third order selection analysis (Johnson 1980) with design 3 (Thomas and

Taylor 2006) to estimate resource use probability of fawns within their respective
individual area of use. I defined resource use as fawn radiolocations (N = 2713; 2-56
locations/fawn) from birth to censor date, or 31 Aug, and defined resource availability as
a point randomly generated within 415 m from each radiolocation using Geospatial
Modelling Environment (Version 0.7.1.0; (Beyer 2012)), based on cumulative mean step
length between radiolocations of each fawn. I then used ArcGIS 10.0 (Environmental
Systems Research Institute 2010) to buffer radiolocations and random points with mean
ellipse error (radius = 26 m) to account for telemetry error in selection analysis and
provide analogous sampling methods. I estimated availability using random point buffers
because most fawns died before ≥ 30 radiolocations could be obtained to estimate home
range ellipses (Millspaugh and Marzluff 2001). I obtained vegetation data using 2006
National Landcover Data (30-m resolution; United States Geological Survey 2011) that I
reclassified from 15 original vegetation classes to 8 (Table 2.1). I used ArcGIS to clip
radiolocation and random point buffers from landcover data and recorded the proportion
of each vegetation class within each buffer.
I developed primary recreational vehicle trail data by traversing trails with global
positioning system units and converted these data to line shapefiles using ArcGIS 10.0
(Environmental Systems Research Institute 2010). I obtained road Topologically
Integrated Geographic Encoding and Referencing system files (United States Bureau of
the Census 2010) and merged primary recreational vehicle trails to roads because roads
and trails can affect white-tailed deer behavior (e.g., predator risk avoidance, Kittle et al.
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2008). I estimated distance to nearest road by conducting a spatial join between the
nearest road to each radiolocation or random point.
I standardized all candidate resource metrics to z-scores and centered scores to
provide equal weight in multiple regression analyses (Zar 1999). I used variance
inflation factor (VIF) analysis to assess multicollinearity among candidate resource
metrics, with collinearity considered ≥ 7 (Quinn and Keough 2002); no metrics were
correlated (VIF = 1.12–3.59). I used package lme4 (Bates et al. 2011) in program R to
produce a generalized linear mixed-effects model of each resource using a maximum
likelihood estimator and binomial distribution. I used radiolocations (1) and random
points (0) as the binomial response variable and 8 vegetation classes, vegetation growth,
and distance to road as fixed effects with individual fawn and year as random effects on
the intercept to account for variation among fawns and years (Gillies et al. 2006). I
verified fit of each model by examining standardized versus fitted residual plots. I then
created an additive model with all individually significant (α = 0.05) resources to
estimate probability of resource use of fawns. I estimated prediction error for each model
using k-fold cross validation (Boyce et al. 2002) by partitioning data into 5 folds and
training each model iteratively using 4 of the 5 data sets using logistic regression. I based
validation on the remaining testing set.
I used the Geospatial Modelling Environment (Version 0.7.1.0; Beyer 2012) to
create a grid of non-overlapping square cells (2115 m2 /cell; mean ellipse error) across
study area. I then converted raster cells to centroid points and extracted landcover values
of points to program R 3.0 (R Core Team 2013) and summarized the proportion of each
landcover class in each grid cell. I estimated the geometric centroid of each sampling
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grid cell and distance from each centroid to nearest road. I used standardized coefficients
from the additive generalized linear resource use model to spatially derive a relative
value of resource suitability (2.1; Manly et al. 2002) for each cell for fawns:
𝑤(𝑥) = exp(𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + ⋯ + 𝛽𝑘 𝑥𝑘 )

(2.1)

where βk are the coefficients of the variables (𝑥𝑘 ). Summed coefficients could be a
negative value or a value greater than 1; therefore, I used a linear stretch (2.2, Johnson et
al. 2004) to constrain fawn resource suitability (w) of each cell between 0 and 1:
𝑤(𝑥) − 𝑤𝑚𝑖𝑛

𝑤
̂ = (𝑤

𝑚𝑎𝑥 − 𝑤𝑚𝑖𝑛

(2.2)

)

where wmin and wmax represent the least and greatest resource use values,
respectively. As standardized values (𝑤
̂) approach 1, the grid cell has a relatively greater
likelihood of being selected by fawns. I appended resource suitability values to
corresponding sampling grid cells shapefile and plotted the layer using ArcGIS.
2.2.4

Winter severity and hiding cover
To estimate winter severity, I deployed a weather station that measured daily

mean snow depth (cm), mean wind speed (kph), rainfall (cm), and minimum ambient
temperature (C) near the center of the study area in a representative mixed coniferous and
deciduous upland forest. I estimated mean daily winter severity from 1 Jan to 31 Mar
2009–2011 by averaging the sum of snow depth, wind speed, and rainfall and subtracting
that value from daily minimum temperature. I then summed daily values for the 3-month
period each year. Values were centered on 0, with increasing values indicating greater
winter severity. I developed this index because of limited variation in snow depths and
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temperatures which were predominantly below levels used by other indexes (e.g.,
DelGiudice et al. 2006).
I used Normalized Difference Vegetation Index (250 m resolution; United States
Geological Survey 2013) data as a metric of vegetation growth that could relate to green
vegetation available for fawn hiding cover (Pettorelli et al. 2005) during spring. I
obtained 2009-2011 growth values using the available 16 day composite data period
closest to 1 Jun, when peak fawn parturition occurred during these years (J. F. Duquette,
unpublished data). I used ArcGIS 10.0 (Environmental Systems Research Institute 2010)
to clip radiolocation and random point buffers from vegetation growth data and estimated
mean vegetation within each buffer. There were 19,883 cells of vegetation growth data
within the study area.
2.2.5

Predation risk
I used previously developed spatial models estimating probability of predator

resource selection in the study area (N. J. Svoboda, unpublished data) as surrogates of
predation risk (Kittle et al. 2008), including bobcat, black bear, coyote, and gray wolf.
Predator models were developed using resource selection functions from a total of 23,135
to 101,874 global positioning system locations of 7 bobcats, 29 black bears, 21 coyotes,
and 8 gray wolves from 25 May to 31 Aug 2009–2011. These models were developed
using the same grid configuration and cell size used for fawns. I estimated speciesspecific predation risk by clipping each predator resource selection map to the same grid
configuration used for fawns and appended these values to match fawn resource
suitability grid cells. Similar to resource use, I used ArcGIS to clip fawn radiolocation
buffers (2115 m2) from predation risk grid cells, from which I estimated mean predation
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risk of each predator within each buffer, which I summed to estimate composite predation
risk. I estimated composite predation risk because each predator was attributed to a
proportion of fawn mortalities in survival risk sets and may have influenced resource use
of fawns.
2.2.6

Survival analysis
I used Cox-proportional hazards mixed-effects survival models in package coxme

(Therneau 2013) in R 3.0 (R Core Team 2013) to assess if resource use, predator risk,
birth body mass, winter severity, and hiding cover or additive models of these covariates
best influenced fawn survival and to account for variation in fawns among years. These
models are semi-parametric regression models commonly used for survival data (e.g.,
Farmer et al. 2006) and estimate proportional changes in the baseline survival hazard
over time and relative differences in the hazard in relation to model covariates (Fox
2002). I used the birth date of each fawn as the start time and date of censor, death, or 31
Aug as the stop time for models. Plots of daily fawn stop times and year showed
clumped distribution within individual years, therefore I used individual fawn and year as
random effects in all models. I estimated percentage integrated deviance explained by
subtracting the log-likelihood of an individual covariate model from the log-likelihood of
the null model (Boyce et al. 2002) and ranked models by deviance explained.
2.2.7

Spatially-predictive mortality
I used the Geospatial Modelling Environment (Version 0.7.1.0; Beyer 2012) to

create a grid of non-overlapping square cells (2115 m2/cell; mean telemetry error) across
the landscape that was available to fawns. I spatially extrapolated survival coefficients
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from individual resource use models by estimating survival rates to the end of each
period (S[te]) as a function of the resources or predation risk of each pixel according
(2.3):
𝑆𝑗 (𝑡𝑒 |𝑥) = (𝑆0,𝑗 [𝑡𝑒 ])𝑒𝑥𝑝(𝑥𝛽𝑥 ) ,

(2.3)

where (𝑆0,𝑗 [𝑡𝑒 ]) is the baseline cumulative survival probability per year to 31
Aug, with different baseline estimates according to year, j, (Therneau 2013). I then used
a linear stretch (2.2; Johnson et al. 2004) to scale relative probability of fawn mortality
between 0 and 1, with a greater likelihood of fawn mortality as standardized grid cell
values approach 1. I imported the resulting values into ArcGIS and plotted values within
the study area grid.
2.3
2.3.1

Results
Fawn capture and handling
Mean fawn birth body mass was 2.47 kg (SD = 0.78, n = 42) in 2009, 4.16 kg (SD

= 1.62, n = 35) in 2010, and 4.11 kg (SD = 0.93, n = 47) in 2011. I obtained 2,713
(median = 23, SD = 12.7) radiolocations from 129 fawns. There were 23 (17 predations)
fawn mortalities in 2009, 17 (12 predations) in 2010, and 25 (20 predations) in 2011.
Predation was primarily attributed to coyotes (47%), followed by bobcats (23%), black
bears (8%), and wolves (8%). Cause of remaining mortalities (14%) were unknown or
other predators.
2.3.2

Resource use and winter severity
I evaluated 8 models based on individual covariates of resource use (Table 2.2),

which I retained models including lowland, deciduous, and coniferous forest, pasture,
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wetland, and distance to nearest road. An additive model of significant resources (k-fold
prediction error = 0.13) suggested fawns avoided lowland forest (β = -0.157, SE = 0.039,
P < 0.001), deciduous forest (β = -0.082, SE = 0.035, P = 0.021), coniferous forest (β = 0.130, SE = 0.032, P < 0.001), and wetland (β = -0.067, SE = 0.029, P = 0.022). Also,
fawns used areas closer to roads (β = -0.603, SE = 0.035, P < 0.001), but pasture (β = 0.021, SE = 0.032, P = 0.501) was used in proportion to availability. Mean vegetation
growth was 0.015 (SD = 0.929, n = 19882) in 2009, 0.592 (SD = 0.796, n = 19882) in
2010, and -0.607 (SD = 0.885, n = 19882) in 2011. Winter severity was greatest during
2009 (455.9), followed by 2011 (242.5) and 2010 (-12.7).
2.3.3

Survival models
I evaluated 12 models related to my predictions of resource use, predation risk,

maternal effects, and hiding cover on fawn survival (Table 2.3). An additive model
including non-ideal resource use and maternal effect variables explained the greatest
amount of variation (71%) in fawn survival. Similar models including additive variables
of resource use, predation risk, and maternal effects explained less variation (64.05–
47.19%) in fawn survival. However, maternal effects appeared to explain most of the
variation in fawn survival, as deviance explained decreased substantially for models not
including these factors, particularly body mass at birth. The spatially extrapolated model
of resource use of fawns showed probability of resource use greatly increased closer to
roads and decreased toward interior lowland forests (Figure 2.2). The predation risk
model showed broad variation in risk across the study area, but increased risk did appear
more spatially homogenous where roads were less dense and lowland forest was present.
The extrapolated non-ideal resource use model with fawn resource use and predation risk
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highlighted that areas of decreased resource use suitability and increased predation risk
had greater probability of mortality.
2.4

Discussion
Daily survival of fawns was most explained by my predictions related to non-

ideal resource use and maternal nutritional effects. The interaction among these factors
supports that neonatal white-tailed deer survival can be influenced by annual interactions
among several biological and environmental factors similar to other ungulates (Gustine et
al. 2006, Griffin et al. 2011). Support for non-ideal resource use suggested that dams
placed fawns (Grovenburg et al. 2012) in habitats with poor resources, but predation risk
within these habitats led to additive mortalities beyond those related to poor resources
(Arlt and Pärt 2007). However, poor resource use appeared to explain most of the
variation in survival, as predation risk was not significant within any models
incorporating predation risk. Nonetheless, the significant positive interaction of resource
use and predation risk within the ecological trap and maternal effects model suggests
predation may have partially mediated resource selection of dams. Support for maternal
effects suggested greater winter severity preceding fawn parturition likely reduced
maternal nutritional condition which carried over to fawns having decreased body mass at
birth. Nutritional carry-over effects are common in ungulates (Parker et al. 2009) and can
predispose neonates to greater mortality risk, particularly predation (Carstensen et al.
2009). Hence, use of poor resources may have been exacerbated for fawns born
following more severe winters due to poorer birth body condition, which would have
made them more susceptible to mortality (Liley and Creel 2008).
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Why would dams place fawns in poor resources where predation had an additive
effect on mortality of fawns, when this strategy would be detrimental to survival of
fawns? I suggest there are two possibilities to explain dams raising fawns in habitats near
roads and avoiding lowland, deciduous, and coniferous forests and wetlands. The first is
that dams perceived lowland forest as risky areas (Nelson and Mech 1981, Creel et al.
2008, Liley and Creel 2008) based on long-term knowledge of core wolf territories in
these interior forests (Nelson and Mech 1981, N. J. Svoboda, unpublished data). Wolves
are the primary predator of white-tailed deer in northern latitudes (DelGiudice et al.
2002); therefore representing the greatest direct threat to deer survival (Kunkel and Mech
1994). The second possibility is that dams chose vegetation which provided spring
growth that placated their nutritional needs during spring-summer in favor of reducing
greater predator detection of fawns (Kittle et al. 2008). Lowland and coniferous forests
and wetland would have provided less favorable foraging for dams, and inadequate
sunlight for thermoregulation of fawns during spring (Van Moorter et al. 2009). Hence,
raising fawns in habitats near roads could have provided dams with refuge cover
(Atwood et al. 2007, Christianson and Creel 2010) to primarily increase nutritional intake
(Panzacchi et al. 2010) during spring, but also decrease the probability of encountering
wolves (Liley and Creel 2008, Theuerkauf and Rouys 2008, Guarie et al. 2011, Muhly et
al. 2011). These maternal behavioral trade-offs are common to ungulates, whereby
parturient females improve fitness by allocating specific vegetation to refugia, foraging,
and maternal fawn care, thereby increasing nutritional intake and probability of survival
of neonates (Bongi et al. 2008, Ciuti et al. 2004, Dussault et al. 2012, Panzacchi et al.
2010, van Beest et al. 2013). However, these behavioral trade-offs may have decreased
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survival of fawns in the study through subsequent spatial overlap with alternative
predators (Atwood et al. 2007).
Similar to resource use of fawns, coyotes avoided or were excluded from core
wolf territories (Berger and Gese 2007, N. J. Svoboda, unpublished data) which likely led
to greater resource overlap and predation of fawns by coyotes. Coyotes and bobcats
appeared to shift from a generalist resource selection pattern to selection of specific
resources when they began to detect fawns as a pulsed food resource (N. J. Svoboda,
unpublished data). While coyotes and bobcat appeared to form a search image for fawns,
they also had body masses which allow them to energetically profit from
opportunistically searching for fawns, compared to wolves which have a body mass too
great to make fawn searching energetically profitable (Berger et al. 2008). Additionally,
dams may have tolerated greater predation risk of coyotes because coyotes were easier to
fend off compared to wolves (Bongi et al. 2008). Greater detection of fawns by bobcats
possibly resulted in bobcats having the second greatest number of fawn predation events
during the study. Similar scenarios have been documented with caribou calves (Rangifer
tarandus; Dussault et al. 2012) and pronghorn fawns (Antilocapra americana; Berger et
al. 2008), where avoidance of primary predators led to greater predation from alternative
predator species. Although coyotes were consistently the main mortality source and
predator across years, I suggest predominant coyote predation of fawns was an indirect
result of dams avoiding lowland forests, which likely had less desirable forage during
spring-summer and greater wolf use. Although dams may have lost fawns to coyotes in
some years, attaining adequate forage and avoiding wolves was likely important to
improving their life-time reproductive success (Kjellander et al. 2004), particularly as
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females up to 15.5 years old were pregnant (Duquette et al. 2012) and could have
produced numerous generations of fawns.
Adequate hiding cover from predators is influential to increased survival of
neonatal ungulates (Bongi et al. 2008, Panzacchi et al. 2010), but only explained about
16% of the variation in fawn survival. While I expected years with earlier vegetation
growth to provide more hiding cover, it is possible that relatively mild winters I observed
provided similar hiding cover across years. Additionally, I estimated vegetation growth
about 1 June, which may be too early to detect annual variation in spring vegetation
growth influential to hiding fawns. Predator efficacy, particularly of coyotes and bobcats
(N. J. Svoboda, unpublished data), in locating fawns could have increased if hiding cover
was limited and fawns were more spatially predictable across years (Bergerud and Page
1987). Although fawn survival was more related to fawn body mass at birth than hiding
cover, similar birth body mass between 2010 and 2011 suggests that a greater severe
winter in 2011 likely reduced forage and fawn hiding cover the following spring.
Predation risk can directly (Ballard et al. 1999) or indirectly (Reylea 2005, Bongi
et al. 2008, Panzacchi et al. 2010, Broekhuis et al. 2013) influence ungulate survival
through behavioral trade-offs between resource use and single predators. However,
study demonstrates that survival of white-tailed deer fawns was influenced not only by
dam trade-offs in resource selection and multi-species predation risk, but also that
perceived risk associated with each predator can influence species-specific predation
rates of fawns. I recommend identifying species-specific risk of all major predators when
investigating free-ranging ungulates in multi-predator landscapes. I recognize the
understanding of the relationship between survival of fawns and predation risk was
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constrained because predation risk data was based on probability of fawns encountering
predators, rather than probability of fawns actually being killed (Kittle et al. 2008). Also,
too few mortalities of radiomarked dams occurred across years to compare their survival
to resource selection and predator avoidance strategies, which limited my interpretation
of these behaviors related to reproductive success. Nonetheless, survival (70%) of
radiomarked adult females across years was greater than fawns (J. F. Duquette,
unpublished data) and supported my interpretations of dam resource selection and
predator avoidance strategies to reduce mortality risk of dams. While poor forage across
the study area and winter weather likely had maternal nutritional effects on fawns,
predation risk also appeared to mediate resource use. Observed interactions among
resource use, predation risk, and nutritional effects suggest that wildlife managers should
emphasize practices that increase year-round forage quality and heterogeneity (Tollefson
et al. 2011). Using this habitat management regimen could help to increase fawn body
mass at birth, reduce predation risk, and increase fawn survival during the maternally
dependent period.
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Forest with moist soil, periodically saturated with water and > 20% of total vegetation cover
Forest with > 75% deciduous trees that are > 5 m tall and > 20 % of total vegetation cover
Forest with > 75% coniferous trees that are > 5 m tall and > 20% of total vegetation cover
Forest with a mix of deciduous and coniferous trees that individually comprise < 75% of total tree cover
Vegetation > 80% graminoid or herbaceous, or trees or shrubs < 5 m tall
Grasses, legumes, or grass-legume mixtures for livestock grazing or production of seed or hay crop
Fields used for row crop (e.g., soybearn or corn) production, including orchards and land actively tilled
Soil is periodically saturated with or covered with water and is > 80% perennial herbaceous vegetation
Measure of the distance from a point of interest (e.g., fawn radiolocation) to the edge of the nearest
secondary or primary road, including intensively used motorized-vehicle trails

Lowland forest (%)

Deciduous forest (%)

Coniferous forest (%)

Mixed forest (%)

Grass/shrub (%)

Pasture (%)

Cropland (%)

Wetland (%)

Distance to road (m)

Definition

Resource metrics used to assess resource use of white-tailed deer (Odocoileus virginianus) fawns, Upper Peninsula of
Michigan, USA, 2009–2011.

Metric

Table 2.1
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-0.207
0.055
-0.110

Lowland forest (%)

Deciduous forest (%)

Coniferous forest (%)

Coefficient

0.008
0.006
0.082
-0.023

Mixed forest (%)

Grass/shrub (%)

Pasture (%)

Cropland (%)

0.027

0.027

0.027

0.027

0.028

0.028

0.027

Standard error

-0.847

2.978

0.215

0.288

-3.966

2.021

-7.589

z-value

0.397

0.003

0.830

0.774

< 0.001

0.043

< 0.001

P-value

0.25

0.25

0.25

0.25

0.25

0.25

0.16

Prediction errorb

Generalized linear mixed-effect models assessing third order resource use of white-tailed deer fawns (≤ 14 weeks of
age; Odocoileus virginianus; n = 129) during the post-partum period (14 May–31 Aug), Upper Peninsula of Michigan,
USA, 2009–2011.

Parametersa

Table 2.2
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-0.649

Distance to road (m)

0.034

0.029
-18.865

-2.299
< 0.001

0.022
0.14

0.25

Models used radiolocations (1; n = 2713) and random points (0) as the binomial response variable and individual resources were
used as a fixed effect with individual fawn and year as random effects on the intercept.
b
Model prediction error was estimated using k-fold cross validation using 5 folds.

a

-0.067

Table 2.2 (Continued)

Wetland (%)
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Modela

0.165
-2.784
0.146
-0.8112

Birth body mass

WSI

Birth body mass * WSI

-0.561

Predation risk

Resource use

Estimate

P-value

0.430

0.330

0.501
0.014

0.770

0.539 < 0.001

0.211

0.194 < 0.001

SE

2695

df

0.444

1.157

0.062

1.179

0.571

Hazard
ratio

70.78

141.56

< 0.001

Deviance
Log-likelihood
explained (%)b
Χ2c
Χ2 P-value

Cox-proportional hazards mixed-effects models assessing the effects of resource use, predation risk, birth body mass,
winter severity index (WSI), and vegetation hiding cover on the daily survival of white-tailed deer fawns (≤ 14 weeks
of age; Odocoileus virginianus; n = 129) during the post-partum period (14 May–31 Aug), Upper Peninsula of
Michigan, USA, 2009–2011.

Non-ideal use + Maternal effects

Table 2.3

66

67

0.177
-0.879

WSI

Birth body mass * WSI

0.490

0.326
-1.615
-0.132
-0.670
-2.639

Resource use * Predation risk

Birth body mass

WSI

Birth body mass * WSI

Body mass

0.202

0.298

Predation risk

0.264

0.254

0.118

0.178

-0.380

0.126

0.333

0.588

0.518

Resource use

Ecological trap + Maternal effects

-2.685

Birth body mass

Maternal effects

Table 2.3 (Continued)

< 0.001

< 0.001

0.620

< 0.001

0.006

0.090

0.002

< 0.001

< 0.001

< 0.001

2695

2695

2695

0.072

0.512

0.876

0.199

1.386

1.347

0.684

0.415

1.194

0.068

60.12

60.42

64.05

120.24

120.85

128.10

< 0.001

< 0.001

< 0.001

Table 2.3 (Continued)

0.235
-0.160
0.172

Predation risk

Resource use * Predation risk

Vegetation growth

0.243
0.181

Predation risk

Resource use * Predation risk

-0.509
0.168

Resource use

Predation risk

Non-ideal use + Hiding cover

-0.604

Resource use

Ecological trap

-0.608

Resource use

Ecological trap + Hiding cover

68
0.204

0.189

0.178

0.217

0.214

0.179

0.273

0.218

0.215

0.410

0.007

0.310

0.260

0.005

0.340

0.560

0.280

0.005

2713

2713

2713

1.183

0.601

1.198

1.275

0.547

1.187

0.852

1.264

0.544

47.41

47.71

47.96

94.84

95.43

95.93

< 0.001

< 0.001

< 0.001

0.229

-0.608

0.204
0.194
0.415
0.264

-0.497
0.175
0.270
1.159
-0.115

Predation risk

Predation risk

WSI

Hiding cover

0.189

0.272

-0.178

Resource use

Non-ideal use

Resource use

Vegetation growth

Table 2.3 (Continued)

0.660

0.005

0.160

0.390

0.008

0.008

0.510

2713

2713

2713

2713

2713

0.892

3.187

1.310

1.192

0.608

0.545

0.837

40.28

44.37

41.95

47.19

54.56

80.58

88.75

83.90

94.38

109.12

0.002

< 0.001

< 0.001

< 0.001

< 0.001

Models included individual fawn and year as random effects on the intercept. Models presented with standardized parameter
estimates, standard errors (SE), probability values, degrees of freedom (df), and estimated hazard ratio parameter probability
values, and percent integrated deviance explained indicating the reduction in the log-likelihood from the null model.
b
Percent deviance explained was used to rank models.
c
Model fit was assessed using a Chi-square test of log-likelihood of a given model (Log-likelihood X2) compared to the null model.

a
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Figure 2.1

Location (black polygon) of white-tailed deer (Odocoileus virginianus)
fawn survival study, Upper Peninsula of Michigan, USA, 2009–2011.
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Figure 2.2

71

Spatially-predicted probability of resource use, composite predation risk, and non-ideal resource use for white-tailed
deer fawns (Odocoileus virginianus; ≤ 14 weeks old; n = 129) captured as neonates during the post-partum period (25
May–31 August), Upper Peninsula of Michigan, USA, 2009–2011. Composite predation risk was estimated from the
summed probability of resource selection of bobcats (Lynx rufus), American black bears (Ursus americanus), coyotes
(Canis latrans), and gray wolves (C. lupus).

CHAPTER III
MATERNAL NUTRITION, RESOURCE USE, AND MULTI-SPECIES PREDATION
RISK INFLUENCE NEONATAL UNGULATE SURVIVAL

3.1

Introduction
In an ideal landscape animals would have perfect knowledge and free access to

resources across the landscape (Fretwell and Lucas 1970; Sutherland 1983), but this
scenario is rarely realized for free-ranging prey. Prey are typically constrained by
competition (Abrahams 1986), predation risk (Creel et al. 2005; Chapter 2), and
imperfect knowledge or limited cues to availability and quality of resources (Battin 2004;
Basille et al. 2013). Variation and relationships among these constraints can directly and
indirectly influence prey fitness across a landscape (Arlt and Pärt 2007). While predation
can reduce survival through direct mortality, predation can indirectly mediate prey
selection or avoidance of resources related to perceived predation risk associated with
those resources (Brown and Kotler 2004; Thomson et al. 2006). Prey have therefore
evolved behavioral trade-off strategies in resource selection (Morris 2003) and predator
avoidance (Lima and Bednekoff 1999; Fahrig 2007) through natural selection which
allow them to enhance their fitness. For example, prey may trade a reduction in food
quality or quantity for increased security (Creel et al. 2005) from predators. These tradeoffs may be particularly taxing while prey are raising young, which are vulnerable to
predators and increase nutritional demands on mothers (Bongi et al. 2008, Chapter 2).
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Population growth is often most sensitive to survival of young, particularly for
ungulates (Gaillard et al. 2000, Duquette et al. 2014). Neonatal ungulates are commonly
most susceptible to mortality during the first few months of life when they are maternally
dependent (Gaillard et al. 2000, Bongi et al. 2008, Carstensen et al. 2009). Dam
nutritional condition (Nelson and Woolf 1987; Sams et al. 1996; Carstensen et al. 2009)
and behavioral trade-offs between the relationship of habitat selection (Bongi et al. 2008)
and predator avoidance (Panzacchi et al. 2010; Chapter 2) can greatly influence neonatal
survival and population growth during this period. Additionally, dam behavior can be
more limited in multi-predator landscapes because resource selection is constrained even
further as dams select or avoid resources based on species-specific risk of multiple
predators (Griffin et al. 2011), potentially limiting their nutritional intake, less ideal
thermoregulatory and hiding cover for neonates, or otherwise exposing neonates to
various predator species. Further, weather conditions influence yearly variation in the
extent which vegetation and predation risk limit neonate survival (Carstensen et al. 2009).
Examining the interactive effects among resource use, predation risk, and weather
influence on nutritional condition and vegetation growth is critical to understand the
annual, seasonal, and spatial variation in neonatal ungulate survival.
White-tailed deer (Odocoileus virginianus) abundance in the western Upper
Peninsula of Michigan declined 40% from the previous 5 year mean following 2
consecutive severe winters in the mid-1990s and has not since increased in population
size (Michigan Department of Natural Resources, unpublished data). Yet little is known
about why the population has not recovered. Estimates of deer pregnancy rates from
vehicle collisions during the 1990s were satisfactory (Michigan Department of Natural
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Resources, unpublished data) suggesting recruitment has not been regulating population
growth in this region. Also, the number of antlerless deer observed by hunters during the
15 day firearm season in the region has not shown a decrease since 1994 (Michigan
Department of Natural Resources 2010). However, predator abundances, particularly
gray wolves (Canis lupus), have increased in this region (Michigan Department of
Natural Resources 2008) which could limit deer population growth (Nelson and Mech
2006). Although predation can regulate deer population growth (Ballard et al. 2001), this
information requires assessing the individual roles and interactions of predation, deer
resource use, and weather influences on nutritional condition and vegetation growth.
I made study predictions partially based on the framework proposed by DeCesare
et al. (2013) who assessed competing ecological predictions relative to effects of weather,
resource selection, and predation risk on survival of adult caribou (Rangifer tarandus).
However, my study focused on survival of neonatal white-tailed deer fawns because this
vital rate was most influential to population growth (Duquette et al. 2014) because of
their susceptibility to variation in biological and environmental factors (Gaillard et al.
2000, DelGiudice et al. 2006, Carstensen et al. 2009). Also, fawn mortality was greatest
during the first 3 months of life (J. F. Duquette, unpublished data), a crucial time period
related to reproductive success for this and many ungulate populations. I framed my
analysis under the null hypothesis that fawn survival was not influenced by any
biological or environmental covariates. I specifically focused on winter weather severity,
because it can strongly influence deer survival in northern latitudes (DelGiudice et al.
2002, 2006) and affect yearly variation in predation rates and maternal nutritional carryover effects (Mech et al. 1991; Monteith et al. 2009). Also, I assumed fawn resource use
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and predation risk would be directly reflective of dam trade-offs in resource selection and
predator risk avoidance (Grovenburg et al. 2010).
I made 6 predictions describing different resource use and predation risk
relationships to daily or cumulative seasonal effects on survival of fawns (Gaillard et al.
2010; DeCesare et al. 2013) in a landscape with multi-predator risk. “Ideal resource use”
prediction assumed variation in fawn survival was influenced by ideal free resource
selection of dams (Fretwell and Lucas 1970; Sutherland 1983), whereby a decrease in
ideal resource use would increase the mortality hazard, irrespective of variation in
predation risk. “Predation risk” prediction assumed variation in fawn survival was
influenced by variation in predation risk, whereby an increase in predation would
increase the mortality hazard, irrespective of variation in resource use. “Non-ideal
resource use” prediction assumed a decrease in ideal resource use would increase the
mortality hazard with additive predation risk in those resources further increasing the
mortality hazard (Arlt and Pärt 2007). The “non-ideal resource use” prediction also
assumes that dam interpretation of habitat quality is imperfect and their resource selection
is not mediated by variation in predation risk (Arlt and Pärt 2007, DeCesare et al. 2013).
“Ecological trap” prediction assumed similar resource use and predation risk
relationships as “non-ideal resource use”, but assumed that resource use was mediated by
the variation in predation risk perceived by dams leading to preference for poor-quality
sink habitats (Battin 2004, Latif et al. 2011). “Maternal effects” assumes annual variation
in survival is influenced by birth mass and winter weather severity or their interaction
(Carstensen et al. 2009), irrespective of other variables. “Hiding cover” assumed
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variation in survival was influenced by spring vegetation growth phenology (Van
Moorter et al. 2009), irrespective of other variables.
3.2
3.2.1

Methods
Study area
I conducted the study in the south-central Upper Peninsula of Michigan

(45°43’47” N, 87°4’48” W; Figure 3.1). Mean elevation was 185 m above sea level and
topography was flat. Lowland forests generally occurred away from roads and were
predominantly eastern white cedar (Thuja occidentalis), eastern hemlock (Tsuga
canadensis), and balsam fir (Abies balsamea) with areas of alder shrubs (Alnus spp.).
Upland forests included pine (Pinus spp.), aspen (Populus spp.), maple (Acer spp.), and
birch (Betula spp.) trees. Grasses and shrubs were typically mixed and uncommon in the
study area. The study area was interspersed with 10% cropland (mainly corn [Zea spp.]
and soybeans [Glycine spp.]) and 3% pasture, mainly in the western half of the area.
Developed areas were low density (0.09 km/km2) residential and recreational camps.
Roads were predominantly paved, but several were gravel or soil; overall road density
was 1.68 km/km2. Permanent water (e.g., rivers and lake shoreline) density was 1.17
km/km2. From 2009 through 2011, mean monthly temperature ranged from 10.4 °C in
May to 19.0 °C in August using a site-specific weather station sensor (model 107-L,
Campbell Scientific Inc., Utah, USA). Annual adult and fawn deer density was 3.7–
3.9/km2 and 0.6–1.3/km2, respectively, based on remote camera surveys (Duquette et al.
2014). Bobcat (Lynx rufus) density was 0.03/km2 (Stricker et al. 2012) and black bear
(Ursus americanus) density was 0.14–0.19/km2 (J. L. Belant, unpublished data) based on
hair snare surveys. Coyote (Canis latrans) density was 0.32–0.37/km2 based on howl
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elicitation surveys (Petroelje et al. 2013) and wolf density was 0.012/ km2 based on
winter track surveys of radiocollared wolves (T. R. Petroelje, unpublished data).
3.2.2

Fawn capture and monitoring
I captured 129 neonatal fawns (estimated ≤ 15 days old; 69 males, 58 females, 2

unknown) opportunistically (n = 100) or with vaginal implant transmitter searches (n =
29; Carstensen et al. 2003) of radiocollared adult females from May to July 2009–2011.
These methods, particularly vaginal implant searches, allowed me to capture fawns
throughout the study area and minimize bias of captures near roads. I weighed fawns to
the nearest 0.01 kg using a spring scale (model #80020; Pesola®; Kapuskasing, Ontario,
Canada) and then fit each with an expandable radiocollar (model 4210, Advanced
Telemetry Systems Inc., Minnesota, USA). I attached 2 ear tags (model agpf#1, Allflex®,
Texas, USA), identified sex, estimated birth date and age based on new hoof growth
(Carstensen et al. 2009), then released fawns at respective sites of capture. I estimated
fawn body mass at birth by subtracting the average daily mass gain for northern, newborn
white-tailed fawns (0.2 kg) from the capture mass (Carstensen et al. 2009).
Each year I relocated fawns on a diel schedule up to 5 times/week from birth to 31
Aug using a truck-mounted 3 or 4 element Yagi antenna or aerial radiotelemetry using a
2 element antenna. I recorded 76% of relocations during day hours (07:00–18:59) and
24% were obtained during night hours (19:00–06:59). I estimated fawn locations from
the ground using ≥ 3 bearings collected within 20 min (Millspaugh and Marzluff 2001)
and Location of a Signal 4.0 software (Ecological Software Solutions LLC, Hegymagas,
Hungary). I aerially estimated fawn locations by passing over each individual radio
signal ≥ 2 times at low altitude (i.e., ≤ 244 m) within 10 min and recording the location
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where I heard the loudest signal. I assessed telemetry error for personnel conducting
ground telemetry by placing randomly 5 radiocollars in forested or non-forested (e.g.,
pasture) vegetation and calculated mean ellipse error (2115 m2) from the known location
of radiocollars and discarded locations with error ellipses larger than the mean error.
After detecting a radiocollar mortality signal, I investigated mortality sites within
8 hr and assessed if the signal was due to fawn mortality or other causes (e.g., slipped
radiocollar). When mortalities occurred, I searched sites generally within 200 m of the
radiocollar and expanded searches if evidence of mortality was found within this search
zone. I attributed mortalities to specific predators based on predation characteristics,
carcass wounds, and site characteristics, which I compared to published descriptions
(Cook et al. 1971, White 1973, Ozoga and Verme 1982, Kunkel and Mech 1994).
3.2.3

Resource use
I used second-order selection analyses (Manly et al. 2002) to estimate resource

use probability for fawns within the study area. I defined resource use as fawn
radiolocations (N = 2713; 2–56 locations/fawn) from birth to censor date, or 31 Aug, and
defined availability as an equal number of randomly distributed points generated across
the study area. I defined the area of available resources using a 100% minimum convex
polygon of fawn radiolocations created using ArcGIS 10.0 (Environmental Systems
Research Institute 2011). I used the Geospatial Modelling Environment (Version 0.7.1.0;
Beyer 2012) and ArcGIS 10.0 to generate random points within the available area. I
obtained raster-based vegetation data using 2006 National Landcover Data (30-m
resolution; United States Geological Survey 2011) that I reclassified from 15 original
landcovers to 8 (Table 3.1) and then converted to polygons using ArcGIS. I developed
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primary recreational vehicle trail data by traversing recreational vehicle trails with global
positioning system units and converted these recorded data to line shapefiles using
ArcGIS. I obtained river, stream and road data from Topologically Integrated
Geographic Encoding and Referencing system files (United States Bureau of the Census
2010) and merged primary recreational vehicle trails to roads because roads and trails can
affect deer behavior (e.g., predator risk avoidance; Kittle et al. 2008). I used ArcGIS to
spatially join radiolocations and random points to the vegetation data to identify the class
and area of vegetation patch where each point was located. I used ArcGIS to estimate
mean distance of each radiolocation found in a specific vegetation class to the edge of the
nearest 3 patches of the same vegetation class (e.g., grassland to nearest 3 grassland
patches). I used the nearest 3 patches to account for multiple patches which could be
used for foraging and antipredator behaviors, such as hiding refugia (Grovenburg et al.
2012a), around a single radiolocation. I estimated distance to nearest road or permanent
water source by conducting a spatial join between each radiolocation or random point and
nearest road or permanent water source.
I standardized all candidate resource metrics to z-scores and centered scores to
provide equal weight in multiple regression analyses (Zar 1999). I used variance
inflation factor (VIF) analysis to assess multicollinearity among candidate resource
metrics, with collinearity considered ≥ 7 (Quinn and Keough 2002); no metrics were
correlated (VIF = 1.04–2.62). I used package lme4 (Bates et al. 2011) in R to assess
generalized linear mixed-effects models using a maximum likelihood estimator and
binomial family. I used radiolocations (1) and random points (0) as the binomial
response variable and 8 vegetation classes, patch area, mean nearest patch, distance to
79

nearest road, and distance to nearest permanent water as fixed effects with fawn and year
as random effects on the intercept to account for variation among fawns and years
(Gillies et al. 2006). I first evaluated a null model and models assessing individual
parameters, and then additive models which included individually significant parameters
(α = 0.05), including a global model of individually significant parameters. I used
estimates of the receiver operating characteristic area under the curve (AUC; Fielding and
Bell 1997) to assess the predictive accuracy of models. I used package AICcmodavg
(Mazerolle 2012) in program R for model selection using Akaike’s Information Criterion
corrected for small sample size (AICc) and ranked models using ΔAICc and AICc weight;
competing models were considered when the difference with the most parsimonious
model was ≤ 2 ΔAICc (Burnham and Anderson 1998).
I used the Geospatial Modelling Environment (Version 0.7.1.0; Beyer 2012) to
create a grid of non-overlapping square cells (2115 m2 /cell; mean telemetry error) across
the landscape to enumerate resource availability for marked fawns. I then summarized
proportion of each vegetation class in each grid cell. I estimated the geometric centroid
of each grid cell and calculated the patch area where the centroid was located, mean
distance from centroid to nearest 3 similar vegetation patch classes, and distance from
each centroid to nearest road or permanent water source. I used standardized coefficients
from top ranked generalized linear mixed-models to spatially derive a relative value of
resource suitability (3.1; Manly et al. 2002) for each cell for fawns:
𝑤(𝑥) = exp(𝛽0 + 𝛽1 𝑥1 + 𝛽2 𝑥2 + ⋯ + 𝛽𝑘 𝑥𝑘 )
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(3.1)

where βk are the coefficients of the variables (𝑥𝑘 ). Summed coefficients could be a
negative value or a value greater than 1, therefore I then used a linear stretch (Johnson et
al. 2004) to constrain fawn resource suitability (w) of each cell between 0 and 1:
𝑤(𝑥) − 𝑤𝑚𝑖𝑛

𝑤
̂ = (𝑤

𝑚𝑎𝑥 − 𝑤𝑚𝑖𝑛

(3.2)

)

where wmin and wmax represent the least and greatest resource use values, respectively. As
standardized values (𝑤
̂) approach 1, the grid cell has a relatively greater likelihood of
being used by fawns. I appended resource suitability values to corresponding sampling
grid cells shapefile and plotted the layer using ArcGIS.
3.2.4

Predation risk
I used previously developed spatial models estimating probability of predator

resource selection in study area (N. J. Svoboda, unpublished data) as surrogates of
predation risk (Kittle et al. 2008), including bobcat, black bear, coyote, and gray wolf.
Predator models were developed using resource selection functions from a total of 23,135
to 101,874 global positioning system locations of 7 bobcats, 29 black bears, 21 coyotes,
and 8 gray wolves from 25 May to 31 Aug 2009–2011. I estimated species-specific
predation risk by clipping each predator resource selection map to the same grid
configuration used for fawns and appended these values to matching fawn resource
suitability grid cells. Similar to resource use, I used ArcGIS to clip fawn radiolocations
from predation risk grid cells, which I summed to estimate composite predation risk for
each fawn radiolocation. I estimated composite predation risk because each predator was
attributed to a proportion of fawn mortalities in survival risk sets and may have
influenced resource use of fawns.
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3.2.5

Winter severity and vegetation growth
To estimate winter severity I deployed a weather station that measured daily mean

snow depth (cm), mean wind speed (kph), rainfall (cm), and minimum ambient
temperature (C) near the center of the study area in a representative mixed coniferous and
deciduous upland forest. I estimated a mean daily winter severity index from 1 Jan to 31
Mar 2009–2011 by averaging the sum of snow depth, wind speed, and rainfall and
subtracting that value from daily minimum temperature. I then summed daily values for
the 3-month period each year. Winter severity was centered on 0, with greater severity
with increasing positive numbers and less severity with increasing negative numbers. I
developed this index because of limited variation in snow depths and temperatures which
were predominantly below levels used by other indexes (e.g., DelGiudice et al. 2006). I
estimated the relative hazard of winter severity each year using package survival
(Therneau 2013) in R 3.0 (R core team 2013).
I used Normalized Difference Vegetation Index (250 m resolution; United States
Geological Survey 2013) data as a metric of vegetation growth that could relate to green
vegetation available for hiding cover for fawns in open-canopy vegetation (Pettorelli et
al. 2006) during spring. I obtained 2009–2011 growth values using the available 16 day
composite data period closest to 1 Jun, when peak fawn parturition occurred during these
years (J. F. Duquette, unpublished data). I used ArcGIS 10.0 (Environmental Systems
Research Institute 2011) to clip vegetation growth data to the study area and exported
values to a spreadsheet. There were 19,883 cells of vegetation growth data within the
study area.
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3.2.6

Survival analysis
I used Cox-proportional hazards in package survival (Therneau 2013) in R 3.0 (R

core team 2013) to estimate baseline seasonal fawn survival each year, using α = 0.05 for
comparison among years. Cox-proportional hazards models are semi-parametric
regression models commonly used for survival data (e.g., Farmer et al. 2006). These
models estimate proportional changes in the baseline survival hazard over time and
relative differences in the hazard in relation to model covariates (Fox 2002). I used birth
date of each fawn as the start time and date of censor, or 31 Aug as the stop time for
models. I used mixed-effects models in package coxme (Therneau 2012) to assess if
resource use, predator risk, body mass at birth, vegetation growth, and winter severity or
additive models of these covariates best influenced fawn daily or seasonal survival and to
account for variation in fawns among years. I assessed daily (i.e., instantaneous) survival
models using daily covariate values of radiolocations of fawns and seasonal survival
models using mean or median covariate values of radiolocations of fawns across the
season from birth to censor, or 31 Aug. Plots of daily or seasonal fawn stop times and
year showed clumped points associated with individual years, therefore I used individual
fawn and year as random effects in all models. I estimated percentage integrated
deviance explained by subtracting the log-likelihood of an individual covariate model
from the log-likelihood of the null model (Boyce et al. 2002) and ranked models by
deviance explained.
3.2.7

Spatially predictive mortality
I used the Geospatial Modelling Environment (Version 0.7.1.0; Beyer 2012) to

create a grid of non-overlapping square cells (2115 m2/cell; mean telemetry error) across
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the landscape that was available to fawns. I spatially extrapolated survival coefficients
from individual resource use models by estimating survival rates to the end of each
period (S[te]) as a function of resources or predation risk of each pixel according to:
𝑆𝑗 (𝑡𝑒 |𝑥) = (𝑆0,𝑗 [𝑡𝑒 ])𝑒𝑥𝑝(𝑥𝛽𝑥 ) ,

(3.3)

where (𝑆0,𝑗 [𝑡𝑒 ]) is the baseline cumulative survival probability per year to 31
Aug, with different baseline estimates according to year, j, (Therneau 2013). I then used
a linear stretch (3.2; Johnson et al. 2004) to constrain relative probability of fawn
mortality between 0 and 1, with a greater likelihood of fawn mortality as standardized
grid cell values approach 1. I appended resource suitability values to corresponding
sampling grid cells shapefile and plotted the layer using ArcGIS.
3.3
3.3.1

Results
Fawn capture and monitoring
I obtained 2713 (median = 23, standard deviation = 12.7) radiolocations from 129

fawns. There were 23 (17 predations) fawn mortalities in 2009, 17 (12 predations) in
2010, and 25 (20 predations) in 2011. Predation was primarily attributed to coyotes
(47%), followed by bobcats (23%), black bears (8%), and wolves (8%). Cause of
remaining mortalities (14%) was unknown or other predators. Mean fawn birth body
mass in 2009 was 2.47 kg (SD = 0.78, n = 42), 4.16 kg (SD = 1.62, n = 35) in 2010, and
4.11 kg (SD = 0.93, n = 47) in 2011.
3.3.2

Winter severity and vegetation growth
Mean vegetation growth was 0.015 (SD = 0.929, n = 19882) in 2009, 0.592 (SD =

0.796, n = 19882) in 2010, and -0.607 (SD = 0.885, n = 19882) in 2011. Winter severity
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was greatest during 2009 (455.9), followed by 2011 (242.5) and 2010 (-12.7). The
proportional hazard of mortality increased with greater winter severity in 2009 (winter
severity = 455.9, Hazard = 0.070) and 2011 (winter severity = 242.5, Hazard = 0.011),
compared to 2010 (winter severity = -12.7, Hazard = 0.003).
3.3.3

Resource use
I evaluated 12 models based on individual covariates of resource use (Table 3.2),

which I retained models including lowland forest, deciduous forest, coniferous forest,
pasture, wetland, nearest patch distance, patch area, roads, and permanent water. I
assessed 30 additive models of retained resources to estimate fawn resource suitability.
The global model was the best model with an AUC of 0.82 and was 59.65 AICc less than
the second best model. The global model of fawn resource suitability suggested fawns
used deciduous (β = 0.114, SE = 0.040, P = 0.004), greater distance between vegetationspecific patches (β = 0.765, SE = 0.043, P < 0.001), and locations closer to roads (β = 1.230, SE = 0.048, P < 0.001) and permanent water (β = 0.43, SE = 0.034, P < 0.001).
Fawns avoided lowland forest (β = -0.213, SE = 0.050, P < 0.001), pastures (β = -0.119,
SE = 0.040, P < 0.001), and wetlands (β = -0.087, SE = 0.042, P = 0.037). Coniferous
forest (β = 0.035, SE = 0.034, P = 0.315) and vegetation patch area (β = -0.058, SE =
0.041, P = 0.157) were used in proportion to availability.
3.3.4

Survival analysis
Baseline fawn survival was less (X21 = 4.30, P = 0.038) in 2009 (0.52, SE = 0.08)

than in 2010 (0.72, SE = 0.06), but similar (X21 = 0.20, P = 0.659) to 2011 (0.59, SE =
0.07). Survival was less (X21 = 4.10, P = 0.042) in 2011 than in 2010.
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I evaluated 12 models of daily or seasonal survival of fawns related to my
predictions of resource use, predation risk, maternal nutritional effects, and hiding cover
(Table 3.3). Daily survival of fawns was most influenced by non-ideal resource use and
maternal nutritional effects that explained about 69% of the variation in daily survival.
However, maternal nutritional effects explained most (65%) of the variation in fawn daily
survival. A comparison of resource use and predation risk accounting for maternal
nutritional effects showed likelihood of mortality increased linearly with resource use
less than 59% or predation risk greater than 59% (Figure 3.2). The spatially extrapolated
model of resource use of fawns showed probability of resource use greatly increased
closer to roads and decreased toward interior lowland forests (Figure 3.3). The predation
risk model showed broad variation in risk across the study area, but increased risk did
appear more spatially homogenous where roads were less dense and lowland forest was
present. The extrapolated non-ideal resource use model with fawn resource use and
predation risk highlighted that areas of decreased resource use suitability and increased
predation risk had greater probability of mortality. Seasonal survival of fawns was most
influenced by an ecological trap and maternal effects (Table 3.3), but only explained
about 4% of the variation in seasonal survival and no model parameters were significant.
3.4

Discussion
Support of non-ideal resource use (Arlt and Pärt 2007, DeCesare et al. 2013) and

maternal nutritional effects emphasize that multiple environmental and biological factors
can affect survival of neonatal ungulates (Gustine et al. 2006, Carstensen et al. 2009,
Griffin et al. 2011). However, these effects were much more influential to daily than
seasonal survival of fawns, emphasizing that the nutritional condition and daily resource
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selection and predator avoidance choices of dams can greatly affect likelihood of
mortality for fawns. Comparatively, resource use and predation risk and nutritional
effects averaged across the 109 day season were likely not as influential to fawn survival
because fawns died on average within 64 days of birth. In a concomitant study, Duquette
et al. (2014) similarly showed non-ideal resource use and maternal effects were most
influential to daily survival of fawns within their home ranges. Support for these
relationships across multiple spatial scales suggests that population size in study area has
likely not increased due to poor fawn survival (Duquette et al. 2014) resulting from
maternal nutritional carry-over effects (Parker et al. 2009) and use of areas with poor
resources and additive predation during spring-summer. These factors likely have
cumulative interactive effects on fawn survival, as described with other ungulate neonates
(Gustine et al. 2006, Griffin et al. 2011).
Although fawn survival was influenced by resource use, predation, and nutrition,
most variation in survival was explained by maternal nutritional effects on birth body
mass of fawns. Nutritional carry-over effects are common to ungulates (Parker et al.
2009) and can predispose neonates to greater mortality risk, particularly predation
(Carstensen et al. 2009). Maternal nutritional effects were related to yearly variation in
winter weather preceding parturition, which decreased body mass at birth and survival of
fawns following more severe winters (Mech et al. 1991; Carstensen et al. 2009; Monteith
et al. 2009). Decreased body mass would have made fawns less able to physically evade
predators (Kunkel and Mech 1994) and increased the mortality risk for fawns using areas
with poor hiding cover and greater predation risk. As most (75%) mortalities were
attributed to predation within a mean of 31 (range = 2–84) days of birth, their physical
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ability to move and avoid predators was likely limited. Additionally, increased
nutritional demands following more severe winters could have exacerbated the influence
of non-ideal resource use on fawn survival, whereas dams selected vegetation which
placated their nutritional needs at the expense of exposing fawns to greater predation risk
(Panzacchi et al. 2010).
The cascading influence of winter weather on maternal nutritional effects was
emphasized by least survival and greatest winter severity in 2009, and greatest survival
and least winter severity in 2010. However, there appeared to be a threshold of winter
severity which increased the fawn mortality hazard nearly 7-fold between the 2011 and
2009 estimates. I could not identify the threshold value at which mortality increased, but
fawn mortality appeared to increase linearly with winter severity values greater than in
2011. Although I predicted winter severity would also indirectly affect fawn survival by
influencing the timing of vegetation growth needed for hiding cover during spring
(Pettorelli et al. 2006, Bongi et al. 2008, Haskell et al. 2008; Grovenburg et al. 2012b),
minimal variation in vegetation growth around peak parturition (1 June) likely dampened
its influence on survival. Nonetheless, the pattern in vegetation growth across years was
inversely related with fawn predation rates which decreased 43% from 2009 to 2010, but
increased 83% from 2010 to 2011 (J. F. Duquette, unpublished data) and then increased
during 2009 and 2011 when preceding winter severity was greater. Similar body mass at
birth between 2010 and 2011 also suggested hiding cover likely had a partial role in
predation rates in these years, beyond the influence of fawn body mass.
Although non-ideal resource use explained less variation than maternal effects in
survival of fawns, overall support for this model suggested that dams placed fawns
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(Grovenburg et al. 2012b) in habitats with poor resources with additive predations in
those resources further increasing the mortality hazard beyond those related to poor
resources (Latif et al. 2011; DeCesare et al. 2013). However, poor resource use appeared
to explain most of the variation in non-ideal resource use, as predation risk was not
significant in any models and did not mediate resource use, as would be assumed under
the ecological trap prediction (Battin 2004). Hence, ability of dams to perceive cues in
resource quality on a daily basis was more influential than predation risk to survival of
fawns (Latif et al. 2011; DeCesare et al. 2013). I suggest there are two possibilities to
explain why dams raised fawns in isolated deciduous forest patches near roads and
permanent water, despite these being poor resources for fawns. First, dams could have
perceived lowland forest as risky areas (Nelson and Mech 1981, Creel et al. 2008, Liley
and Creel 2008,) based on long-term knowledge of core wolf territories in these interior
forests (Nelson and Mech 1981, N. J. Svoboda, unpublished data). Wolves are the
primary predator of white-tailed deer in northern latitudes (DelGiudice et al. 2002);
therefore representing the greatest direct threat to deer survival (Kunkel and Mech 1994).
Second, dams chose vegetation which provided spring growth that placated their
nutritional needs during spring-summer (Mautz 1978; Parker et al. 2009) in favor of
reducing greater predator detection of fawns (Kittle et al. 2008). Lowland forest and
wetlands would have provided less favorable foraging for dams, and inadequate sunlight
for thermoregulation of fawns during spring (Van Moorter et al. 2009). Also, permanent
water (e.g., rivers) could have provided open landscape buffers to improve dam detection
and avoidance of predators (Reynolds-Hogland and Mitchell 2007, N. J. Svoboda,
unpublished data), but pastures were open and likely had vegetation that was too short to
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provide visual concealment from predators. Hence, raising fawns in deciduous forest
patches near roads and permanent water could have provided dams with refuge cover
(Atwood et al. 2007, Christianson and Creel 2010) to primarily increase nutritional intake
(Panzacchi et al. 2010) during spring, but also decreased the probability of encountering
wolves (Liley and Creel 2008, Theuerkauf and Rouys 2008, Guarie et al. 2011, Muhly et
al. 2011). During the study, fawns had generally similar resource use and predator risk
avoidance relationships within their home ranges (Chapter 2), which suggests dams
selected to raise fawns in habitats with greater predation risk of alternative predators
(Kittle et al. 2008), primarily coyotes. Although dams may have lost fawns to predation
in some years, attaining adequate forage and avoiding wolves was likely important to
improving their life-time reproductive success (Kjellander et al. 2004), particularly as
females up to 15.5 years old were pregnant (Duquette et al. 2012) and could have
produced multiple generations of fawns.
While predation was the leading cause of fawn mortality, fawn survival was
primarily limited by daily variation in bottom-up effects of resource use and maternal
nutrition. During years with greater severe winters, these effects appeared to increase
mortality and predation rates of fawns. Although variation in predation risk did not
appear to influence resource use, species-specific predation rates suggested variation in
species-specific predation risk can directly (Berger et al. 2008) or indirectly (Reylea
2005, Panzacchi et al. 2010, Broekhuis et al. 2013) influence neonatal ungulate survival
through maternal behavioral trade-offs between resource use and multi-species
predatation risk. I recognize my understanding of the relationship between survival of
fawns and predation risk was constrained because predation risk data was based on
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probability of fawns encountering predators, rather than probability of fawns actually
being killed (Kittle et al. 2008). Also, too few mortalities of radiomarked dams occurred
across years to compare their survival to resource selection and predator avoidance
strategies, which limited my interpretation of these behaviors related to reproductive
success. Nonetheless, survival (70%) of radiomarked adult females across years was
greater than fawns (J. F. Duquette, unpublished data) and supported my interpretations of
dam resource selection and predator avoidance strategies to reduce mortality risk of
dams. Interactions among resource use, predation risk, and nutritional effects suggest
that wildlife managers should emphasize practices that increase year-round forage quality
and heterogeneity (Tollefson et al. 2011). Using this habitat management regimen could
help to increase fawn body mass at birth, reduce predation risk, and increase fawn
survival during the maternally dependent period.
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Forest with > 75% deciduous trees that are > 5 m tall and > 20 % of total vegetation cover
Forest with > 75% evergreen trees that are > 5 m tall and > 20% of total vegetation cover
Forest with a mix of deciduous and evergreen trees that individually comprise < 75% of total tree cover
Vegetation > 80% graminoid or herbaceous, or trees or shrubs < 5 m tall
Grasses, legumes, or grass-legume mixtures for livestock grazing or production of seed or hay crop
Fields used for row crop (e.g., soybearn or corn) production, including orchards and land actively tilled
Soil is periodically saturated with or covered with water and is > 80% perennial herbaceous vegetation
Geographic area of individual vegetation patch
Mean distance of patch to edge of nearest 3 patches of same vegetation class

Deciduous forest (%)

Evergreen forest (%)

Mixed forest (%)

Grass/shrub (%)

Pasture (%)

Cropland (%)

Wetland (%)

Patch area (km2)

Nearest patch (km2)

Definition

Forest with moist soil, periodically saturated with water and > 20% of total vegetation cover

Metric

Metrics used to assess resource use of neonatal white-tailed deer (≤ 14 weeks of age; Odocoileus virginianus),
southcentral Upper Peninsula of Michigan, USA, 2009–2011.

Lowland forest (%)

Table 3.1
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Measure of the distance from a point of interest (e.g., fawn radiolocation) to the edge of the nearest
secondary or primary road, including intensively used motorized-vehicle trails
Measure of the distance from a point of interest (e.g., fawn radiolocation) to the edge of the nearest
permanent water source, including streams, rivers, and lake shores

Distance to road (m)

Distance to
permanent water (m)

Table 3.1 (Continued)

Table 3.2

Generalized linear mixed-effect models assessing second order resource use
of neonatal white-tailed deer (≤ 14 weeks of age; Odocoileus virginianus; n
= 129) during maternally dependent period (14 May–31Aug), southcentral
Upper Peninsula of Michigan, USA, 2009–2011.

Parametersa

Coefficient

Standard error

z-value

P-value

AUCb

Distance to road (km)

-1.148

0.043

-27.026

< 0.001

0.77

Distance to water (km)

0.459

0.029

15.760

< 0.001

0.57

Nearest patch (km)

0.445

0.031

14.396

< 0.001

0.63

Lowland forest (%)

-0.283

0.027

-10.531

< 0.001

0.57

Deciduous forest (%)

0.141

0.027

5.223

< 0.001

0.53

Patch area (km)

-0.121

0.027

-4.516

< 0.001

0.57

Wetland (%)

-0.129

0.030

-4.311

< 0.001

0.51

Pasture (%)

0.075

0.027

2.801

0.005

0.51

Coniferous forest (%)

-0.068

0.027

-2.537

0.011

0.51

Grassland (%)

-0.025

0.027

-0.922

0.357

0.50

Mixed forest (%)

-0.017

0.027

-0.620

0.535

0.50

Cropland (%)

0.009

0.027

0.351

0.725

0.50

a

Models used radiolocations (1; n = 2713) and random points (0) as the binomial
response variable and individual resources were used as a fixed effect with individual
fawn and year as random effects on the intercept.
b
Model accuracy was estimated using the area under a receiver operating characteristic
curve (AUC).
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Modela

0.225
0.065
0.484

Predation risk -0.227
Birth body mass -2.740
Winter severity 0.139

Table 3.3 (Continued)

0.256

SE

Resource use -0.705

Estimate

df

0.770

< 0.001

0.310

0.006

2695

1.149

0.065

0.797

0.494

69.34

138.67

< 0.001

Hazard
Deviance
Log-likelihood
ratio explained (%)b Log-likelihood X2c X2 P-value

Daily fawn survival

P-value

Cox-proportional hazards mixed-effects models assessing the effects of resource use, predation risk, birth body mass,
winter severity, and vegetation hiding cover on the daily survival of white-tailed deer fawns (≤ 14 weeks of age;
Odocoileus virginianus; n = 129) during the maternally dependent period (14 May–31 Aug), Upper Peninsula of
Michigan, USA, 2009–2011.

Non-ideal use + maternal effects

Table 3.3
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96
0.334

Body mass * Winter severity -0.817

0.015

0.660

0.497

Winter severity 0.220

0.017

0.548 < 0.001

0.325

Birth body mass -2.738

Maternal effects

Body mass * Winter severity -0.775

0.780

0.482

0.950

Winter severity 0.137

0.212

Resource use * predation risk -0.014

0.310

0.531 < 0.001

0.226

Predation risk -0.228

0.010

0.017

Birth body mass -2.734

0.270

0.326

Resource use -0.699

Ecological trap + maternal effects

Body mass * Winter severity -0.777

2695

2695

0.442

1.246

0.065

0.461

1.146

0.065

0.986

0.796

0.497

0.460

64.85

69.29

129.70

138.58

< 0.001

< 0.001
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0.487

Hiding cover -0.327

Non-ideal use
Resource use -0.668

0.244

0.211

0.006

0.920

0.350

Predation risk -0.2001 0.217

Resource use * predation risk -0.022

0.011

0.500

0.900

0.380

0.259

Resource use -0.660

0.211

Resource use * predation risk -0.028

Ecological trap

0.217

Predation risk -0.192

0.014

2713

2713

2713

0.513

0.210

0.818

0.517

0.721

0.973

0.826

0.525

0.489 < 0.001 2695 0.072

0.262

-2.627

Resource use -0.645

Ecological trap + hiding cover

Birth body mass

Table 3.3 (Continued)

46.30

46.36

47.19

59.96

92.60

92.72

94.38

119.92

< 0.001

< 0.001

< 0.001

< 0.001

Predation risk -0.201

Table 3.3 (Continued)

0.245
0.215
0.498
0.203
0.415
0.508
0.183

Predation risk -0.173
Hiding cover -0.489
-0.546
1.158
-0.472
0.129

Resource use

Winter severity

Hiding cover

Predation risk

0.215

Resource use -0.650

Non-ideal use + hiding cover

Ecological trap + maternal effects
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2713

2713

2713

2713

2713

1.138

0.624

3.183

0.579

0.613

0.841

0.522

0.818

124

Seasonal survival

0.480

0.350

0.005

0.007

0.330

0.420

0.008

0.350

3.68

40.43

42.23

44.32

45.66

46.25

7.35

80.86

84.46

88.64

91.32

92.51

0.499

< 0.001

< 0.001

< 0.001

< 0.001

< 0.001

99

0.242
0.215
0.196
0.212
0.168

Predation risk 0.075

Resource use * predation risk 0.287
Birth body mass 0.031
Winter severity 0.283

Body mass * Winter severity -0.183

0.234
0.183
0.277

Predation risk 0.228

Resource use * predation risk 0.183
Hiding cover -0.465

Non-ideal use + maternal effects

0.260

Resource use 0.029

Ecological trap + hiding cover

0.264

Resource use -0.180

Table 3.3 (Continued)

0.093

0.320

0.330

0.910

0.280

0.180

0.870

0.180

0.760

0.490

124

129

0.628

1.200

1.257

1.029

0.833

1.327

1.032

1.333

1.078

0.835

2.57

3.05

5.13

6.11

0.644

0.412

100

0.234
0.197
0.211
0.167

Predation risk 0.165
Birth body mass 0.045
Winter severity 0.284

Body mass * Winter severity -0.170

Maternal effects

0.203

Winter severity 0.304

0.279

Hiding cover -0.468

0.193

0.226

Predation risk 0.296

Birth body mass 0.029

0.193

Resource use 0.205

Non-ideal use + hiding cover

0.189

Resource use 0.065

Table 3.3 (Continued)

0.140

0.880

0.094

0.190

0.290

0.310

0.180

0.820

0.480

0.730

124

129

1.355

1.030

0.626

1.345

1.227

0.844

1.329

1.045

1.179

1.067

2.31

2.49

4.62

4.97

0.464

0.419

101

0.156
0.248

0.294
-0.390

Winter severity

Hiding cover

0.226
0.182

Predation risk 0.135

Resource use * predation risk 0.180

0.175
0.218
0.180
0.169

Resource use 0.076
Predation risk 0.204
0.154
-0.067

Predation risk

Birth body mass

Non-ideal use

0.242

Resource use -0.089

Ecological trap

0.164

Body mass * Winter severity -0.158

Table 3.3 (Continued)

0.690

0.390

0.350

0.670

0.320

0.550

0.720

0.120

0.059

0.340

1.227

1.079

1.198

1.145

124 0.936

129 1.166

129

0.33

0.56

0.65

1.21

129
0.915

1.52

1.81

129 0.677

129 1.341

0.854

0.67

1.11

1.30

2.42

3.05

3.61

0.881

0.775

0.861

0.789

0.385

0.307

Resource use

Table 3.3 (Continued)
-0.008

0.137

0.950

129 0.992

0.22

0.44

0.932

Models included individual fawn and year as random effects on the intercept. Models presented with standardized parameter
estimates, standard errors (SE), probability values, degrees of freedom (df), and estimated hazard ratio parameter probability
values, and percent integrated deviance explained indicating the reduction in the log-likelihood from the null model.
b
Percent deviance explained was used to rank models.
c
Model fit was assessed using a Chi-square test of log-likelihood of a given model (Log-likelihood X2) compared to the null model.

a
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Figure 3.1

Location (black polygon) of white-tailed deer (Odocoileus virginianus)
fawn survival study, Upper Peninsula of Michigan, USA, 2009–2011.
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Figure 3.2

Cox-proportional hazards mixed-effects model assessing seasonallyaveraged probability of mortality with ideal resource use (circles) and
predation risk (triangles) of white-tailed deer fawns (≤ 14 weeks of age;
Odocoileus virginianus; n = 129) captured as neonates during the maternal
dependency period (14 May–31 August), Upper Peninsula of Michigan,
USA, 2009–2011.

104

Figure 3.3
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Spatially-predicted probability of resource use, composite predation risk, and non-ideal resource use for white-tailed
deer fawns (≤ 14 weeks old; Odocoileus virginianus; n = 129) captured as neonates during the maternal dependency
period (25 May–31 August), Upper Peninsula of Michigan, USA, 2009–2011. Composite predation risk was estimated
from the summed probability of resource selection of bobcats (Lynx rufus), American black bears (Ursus americanus),
coyotes (Canis latrans), and gray wolves (C. lupus).
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CHAPTER IV
HABITAT, PHYSIOLOGICAL CONDITION, AND WEATHER MEDIATE MULTIPREDATOR INFLUENCE ON ADULT AND NEONATE
WHITE-TAILED DEER SURVIVAL

4.1

Introduction
Survival is the most sensitive vital rate of ungulate population growth (Caughley

1966, Gaillard et al. 2000) and therefore identifying factors influencing survival is
essential to conservation efforts. Adult ungulates generally exhibit constantly high
survival rates compared with juveniles (< 1 year old) which often have wide variation in
survival rates (Caughley 1966, Gaillard et al. 2000, Raithel et al. 2007, Van Moorter et al.
2009, Griffin et al. 2011). Wide variability in juvenile survival results from their greater
susceptibility to factors including weather, predation (Griffin et al. 2011), and landscape
resources (Farmer et al. 2006), commonly making juveniles equally or more influential to
population growth than adult female survival (Gaillard et al. 1998, 2000, Duquette et al.
2014). Predation (e.g., Ballard et al. 1999) can be the primary factor limiting ungulate
populations (Linnell et al. 1995, Bongi et al. 2008), but identifying the strength that
predation limits population growth is challenging due to shifts between top-down (i.e.,
predation) and bottom-up dynamics (e.g., forage; Wilmer et al. 2006). Despite the
importance of identifying these shifts, studies (e.g., Kilgo et al. 2012) often do not
directly assess bottom-up factors which could influence predation rates, thereby
113

increasing speculation of estimated predation rates. Identifying how relationships among
environmental (e.g., predator abundance) and biological (e.g., body condition) factors
influence survival (Carstensen et al. 2009, Griffin et al. 2011) is essential to better
understand changes in population growth of ungulates.
Avoiding predators while acquiring resources for forage to enhance body
condition is essential to ungulate survival (Pettorelli et al. 2005, Kittle et al. 2008, Klaver
et al. 2008), particularly of neonates (Gustine et al. 2006). These behavioral trade-offs
are particularly important for ungulate species which live in multi-predator landscapes, as
multiple predators can have cumulative effects on ungulate survival (Gustine et al. 2006,
Barber-Meyer et al. 2008, Griffin et al. 2011). Also, predation can directly (e.g., Messier
1991) or indirectly (e.g., Christianson and Creel 2010) affect ungulate survival across
multiple spatiotemporal scales (Farmer et al. 2006), confounding the ability of ungulates
to avoid predators. For example, ungulates may perceive greater predation risk from
actively searching or primary predators (e.g., gray wolves, Canis lupus) compared to
ambush or secondary predators (e.g., cougars, Puma concolor; Atwood et al. 2009).
While these actively searching or primary predators may be avoided, this behavior may
restrict individuals to poorer forage (Creel et al. 2005), and increased resource overlap
with alternative predators (Chapters 2, 3). Therefore, assessing ungulate landscape use
relative to multi-predator risk could help understand mediating effects of predation on
ungulate survival.
Behavioral trade-offs which enhance survival are particularly important to
reproductive female ungulates because they must meet nutritional demands (e.g.,
lactation) while avoiding areas of greater predation risk, particularly when raising
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neonates (Kunkel and Mech 1994, Rachlow and Bowyer 1998, Bongi et al. 2008).
Neonatal ungulates generally depend on their dams for the first couple months of life
(Verme 1989, Creel et al. 2005), when predation of neonates is typically greatest (e.g.,
Ballard et al. 1999). Consequently, dams may adjust their resource use (Bongi et al.
2008, Panzacchi et al. 2010) based on interactions, hunting strategies, or densities of
predators (Atwood et al. 2007, Carstensen et al. 2009, Demma and Mech 2009, Chapters
2, 3); though predators may adjust to changes in resource use of dams (Kjellander et al.
2004, Roth and Lima 2007, N. J. Svoboda, unpublished data). Therefore, dams typically
select dense cover within the boundary of their home range to hide neonates from
predators (Van Moorter et al. 2009) and feed away from neonates to reduce predator
detection. However, neonates increase their space use with age (e.g., Jackson et al.
1972), potentially increasing predation risk (N. J. Svoboda, unpublished data).
Therefore, dam knowledge and selection (Ozoga and Verme 1986; Mech and McRoberts
1990) of habitat resources and predation risk across a landscape can mediate neonate
survival (Chapters 2, 3) and population growth (Duquette et al. 2014).
Weather can also have mediating effects on ungulate survival by influencing
energetic demands and resource (e.g., food) availability, which affects physiological
condition and annual predation rates (Gaillard et al. 2000, Carstensen et al. 2009; Griffin
et al. 2011). Moreover, winter weather severity has immense influence on ungulates in
northern latitudes (Nelson and Mech 1986; DelGiudice et al. 2002; Bender et al. 2007,
Brodie et al. 2013). For example, relative predation of white-tailed deer (Odocoileus
virginianus) by gray wolves increased during years with greater winter severity in
Minnesota (DelGiudice et al. 2002), with greater predation rates on younger and old-aged
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deer (DelGiudice et al. 2006). Long periods of deep snow during winter preceding
parturition can reduce pre-weaning survival of dams due to malnourishment during late
gestation (Gaillard et al. 2000). Prolonged winters can delay spring forage needed by
reproductive females for lactation demands and replenishing body condition from the
previous winter (Bergerud and Page 1987; Pettorelli et al. 2005, Parker et al. 2009) and
subsequent gestation (Lomas and Bender 2007). Diminished body condition of
reproductive females can have substantial effects on birth characteristics, blood profiles,
and survival of neonates (Verme 1965, 1969, Langenau and Lerg 1976, Verme and
Ozoga 1981, Barber-Meyer et al. 2008, Carstensen et al. 2009, Monteith et al. 2009). For
example, reproductive females in better condition tend to produce young earlier
(McGinnes and Downing 1977) and in better condition (Clutton-Brock et al. 1982,
Haskell et al. 2008) which can increase survival of neonates (Vreeland et al. 2004, Lomas
and Bender 2007; Carstensen et al. 2009; White et al. 2010). Consequently, maternal
physiological condition and environmental conditions experienced by neonates in early
life can influence their adult lives (Pettorelli et al. 2005), including lifetime reproductive
success (Clutton-Brock et al. 1982, Gaillard et al. 1998).
White-tailed deer are an intensively managed ungulate distributed throughout
most of North America (Demarais and Krausman 1999) and their survival is influenced
by relationships among numerous biological (e.g., physiological condition) and
environmental (e.g., forage; Moen 1976) factors. Common mortality factors for deer in
northern latitudes include winter severity effects on physiological condition (DelGiudice
et al. 2002), resource competition (Klaver et al. 2008), harvest (Grovenburg et al. 2011),
and predation (Messier 1991). Interactions among these factors can affect yearly
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variation in deer mortality (Fuller 1990; DelGiudice et al. 2006) and pregnancy
(DelGiudice et al. 2007) rates, particularly among age classes. Young (1–2 year olds)
and old (≥ 7 years old) individuals typically have greater mortality rates (DelGiudice et
al. 2006) but lesser pregnancy rates (DelGiudice et al. 2007); though adequately
nourished females up to 16 years old can have pregnancy rates similar to prime-aged deer
(DelGiudice et al. 2007; Duquette et al. 2012). Combined with life-long reproductive
potential, high elasticity and minimal temporal variation in adult female survival typically
make this vital rate most influential to population growth (Gaillard et al. 2000).
However, juvenile survival has characteristically low elasticity and wide temporal
variation due to greater susceptibility to factors including weather, predation (Griffin et
al. 2011), and landscape resources (Farmer et al. 2006). Wide variation in juvenile
survival can make this vital rate more influential to population growth than adult female
survival (Duquette et al. 2014).
Mortality is typically greatest in the first year of life for white-tailed deer
(DelGiudice et al. 2006; Carstensen et al. 2009), with most mortalities occurring within 3
months of birth (Kunkel and Mech 1994, Ballard et al. 1999, DelGiudice et al. 2006).
During the first few months of life fawns are susceptible to numerous mortality factors
including predation, malnutrition, disease, abandonment, vehicle collisions, severe
weather, and poor maternal investment (Carroll and Brown 1977; Nixon and Etter 1995;
Ballard et al. 1999; Vreeland et al. 2004; Pusateri Burroughs et al. 2006; Carstensen et al.
2009). Likelihood of mortality is greater for younger fawns (Grovenburg et al. 2011) and
those in poorer physiological condition (e.g., birth mass; Verme 1977, 1985, Mech et al.
1991, Carstensen et al. 2009, Monteith et al. 2009), which can lead to increased predation
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rates (Kunkel and Mech 1994; Mech 2007). Also, fawns increase movements as they age
(Jackson et al. 1972) which could introduce greater exposure to predators (Nelson and
Woolf 1987; N. J. Svoboda, unpublished data). Birth dates of fawns relative to the
annual distribution of parturition events can also influence the likelihood of detection by
predators (Whittaker and Lindzey 1999), which may use fawns as a pulsed food resource
(Petroelje et al. 2014; N. J. Svoboda, unpublished data). Fawns born during the peak of
parturition synchrony may benefit from a dilution effect because predators are
“swamped” with greater numbers of neonates on the landscape and become satiated
(Testa 2000). However, fawns born before peak parturition may have a greater
likelihood of avoiding predation (Aanes and Andersen 1996) because predators have not
yet developed a search image for fawns (Petroelje et al. 2014). Magnitude of predation
on fawns may depend predominantly on the abundance and composition of predators
across a landscape (Carstensen et al. 2009, Kilgo et al. 2012), but also vegetation
available for hiding cover (Haskell et al. 2008; Grovenburg et al. 2012); though the
influence of landscape resources on fawn survival has received trivial support (Nelson
and Woolf 1987, Vreeland et al. 2004, Farmer et al. 2006).
Primary predators of neonatal fawns in northern latitudes include black bears
(Ursus americanus), bobcats, coyotes (C. latrans), and gray wolves (Nelson and Woolf
1987; Ballard et al. 1999; Vreeland et al. 2004; Carstensen et al. 2009). Coyotes and
wolves (e.g., DelGiudice et al. 2002) are primary predators of adult deer whereas bobcats
(Marston 1942) and black bears (Svoboda et al. 2011) are occasional predations. Due to
variation in life history strategies of these predators, their individual effects on deer
survival vary spatiotemporally. For example, black bears usually catch fawns ≤ 45 days
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old opportunistically while foraging for other foods (Kunkel and Mech 1994). However,
coyotes may kill fawns ≥ 7 months old (Ballard et al. 1999). Therefore, similar to other
ungulates, deer are faced with behavioral trade-offs in avoiding predators while acquiring
forage to increase body condition, particularly when fawns are maternally dependent until
about 3 months of age (Kittle et al. 2008; Chapters 2, 3). Behavioral strategies used by
deer can include dams foraging away from fawns to reduce predator detection (Schwede
et al. 1994), despotic defense and temporal reduction in space use for parturition areas
(Ozoga et al. 1982), and highly synchronous parturition that coincides with spring plant
emergence for forage and hiding and thermal cover for fawns (Testa 2002, Vreeland et al.
2004, Haskell et al. 2008, Van Moorter et al. 2009; Grovenburg et al. 2012). Hence,
yearly variation in predation can depend greatly on bottom-up processes, such as winter
weather, which can influence the efficacy of deer to avoid predators and meet nutritional
demands.
Indices of deer abundance in the western Upper Peninsula of Michigan have
suggested the population declined 40% from the previous 5 year mean following 2
consecutive severe winters in the mid-1990s and has not since increased in population
size (Michigan Department of Natural Resources, unpublished data), but have not since
indicated an increase in the population. Factors restricting population growth are
relatively unknown. Estimates of deer pregnancy rates from vehicle collisions during the
1990s were satisfactory (Michigan Department of Natural Resources, unpublished data)
suggesting recruitment has not been regulating population growth in this region.
However, predator abundances, particularly gray wolves, have increased in this region
(Michigan Department of Natural Resources 2008) which could limit deer population
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growth. Identification of factors limiting or regulating increased deer population growth
is needed to assist wildlife biologists in managing deer populations in this region. While
many studies have assessed biological and environmental factors of deer survival (e.g.,
DelGiudice et al. 2002), few have concomitantly assessed white-tailed deer survival
relative to relationships of among weather, physiological condition, habitat
characteristics, and multiple species-specific predation risk across multiple
spatiotemporal scales. Moreover, to my knowledge, no research has concomitantly
reported the relationships of these factors relative to adults and neonates.
My primary objectives were to: 1) assess annual adult female (≥ 1.6 years old)
and fawn (< 1 year old) survival relative to variation in biological and environmental
factors, 2) assess influences of biological and environmental factors on cause-specific
mortality rates of adult females and fawns, and 3) assess the influence of habitat
characteristics and species-specific predation risk on adult female and fawn predation and
birth site selection. For my first objective I predicted that adult female survival would
decrease with: 1) decreasing body mass, 2) increasing serum urea nitrogen (SUN), 3)
decreasing body fat, and 4) increasing winter severity. I predicted adult female survival
would decrease the greatest during winter and would be less for yearlings and ≥ 7.6 year
old deer (DelGiudice et al. 2002). I predicted that neonatal fawn survival would decrease
with: 1) decreasing birth body mass, 2) increasing annual parturition date, and 3)
increasing winter severity preceding birth. I predicted fawn survival would decrease the
greatest from parturition to 60 days of age and for fawns with parturition dates further
from annual median parturition dates. I hypothesized survival would be less for male
than female fawns because neonate males tend to be more active than females, increasing
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their detection by predators (Jackson et al. 1972 Carstensen et al. 2009). For my second
objective I hypothesized wolves would cause the greatest proportion of adult female
mortality because they are the primary natural predator of deer in northern latitudes
(DelGiudice et al. 2002). I hypothesized coyotes would cause the greatest proportion of
fawn mortality because they were the most abundant predator in the study area (Petroelje
et al. 2014) and a primary predator of fawns (e.g., Ballard et al. 1999). For my third
objective I predicted adult female and fawn predation sites would have less likelihood of
horizontal cover and woody debris but greater likelihood of forested cover and canopy
density than parturition sites or study area availability. Conversely, I predicted that
parturition sites would have greater likelihood of horizontal cover, forested cover, woody
debris, and canopy density.
4.2
4.2.1

Methods
Study area
I conducted this study within a 248.9 km2 area of the south-central Upper

Peninsula of Michigan (45°43’47” N, 87°4’48” W; Figure 4.1). Mean elevation was 185
m above sea level and topography was flat. Lowland forest was the prominent land cover
and was mainly coniferous composed of typical winter cover or browse species of deer
including eastern white cedar (Thuja occidentalis), eastern hemlock (Tsuga canadensis),
tamarack (Larix laricina), and balsam fir (Abies balsamea). Upland forest was a mixture
of coniferous and deciduous stands, including pine (Pinus spp.), aspen (Populus spp.),
maple (Acer spp.), birch (Betula spp.), American beech (Fagus grandifolia), and oak
(Quercus spp.). Grassland and shrubland were typically mixed and sparse across the
study area. The western portion of the study area was interspersed with pasture and
121

cropland. Several small (< 45 ha) timber harvests occurred during the study and were
distributed throughout the study area, but remaining land use did not observably change.
Road density was about 1.68 km/km2 and permanent water (e.g., rivers and lake
shoreline) density was about 1.17 km/km2. During 2009–2011, mean monthly snow
depth during Jan was 33.75 cm (range = 23.00–46.75), Feb was 24.00 cm (range =
14.00–30.75), and Mar was 11.00 cm (range = 1.50–17.50) based on data collected from
a weather station sensor (Ultrasonic Depth Sensor, Judd Communications LLC, Salt Lake
City, UT) I placed in the center of the study area. Mean monthly minimum temperature
during Jan was -13.3 C (range = -17.8– -9.1), Feb was -10.7 C (range = -11.8– -8.7), and
Mar was -5.9 C (range = -7.1– -3.9) based on sensor (model 107-L, Campbell Scientific
Inc., Logan UT) data from the weather station. Deer population growth in the study area
increased from 2009 to 2010, but decreased from 2010 to 2011 (Duquette et al. 2014) and
deer harvest occurred throughout the study area during fall, but harvests were
predominantly males (Michigan Department of Natural Resources 2009–2011). Adult
and fawn deer density was 3.7–3.9/km2 and 0.6–1.3/km2, respectively (Duquette et al.
2014). Bobcat density was 0.03/km2 (Stricker et al. 2012), coyote density was 0.32–
0.37/km2 (Petroelje et al. 2014), and black bear density was 0.14–0.19/km2 (J. L. Belant,
unpublished data). Wolf density was 0.04-0.05/km2 (2 packs, 4–7 wolves per pack)
based on winter track surveys (T. R. Petroelje, unpublished data). Other potential
mammalian predators of neonatal deer included fisher (Martes pennanti), red fox (Vulpes
vulpes), and gray fox (Urocyon cinereoargenteus).
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4.2.2

Capture and handling
I captured adult (≥ 1.6 years old) female white-tailed deer in baited collapsible

Clover traps (Clover 1956; n = 84) or air-powered cannon nets (n = 6) from Jan–Apr
2009–2011. I manually restrained deer by collapsing traps or securing nets and handinjected deer intramuscularly with a 3:1 (4 ml dose) or 4:1 (5 ml dose) combination of
100 mg/ml ketamine (Ketaset®; Fort Dodge Laboratories, Inc., Fort Dodge, IA) and 100
mg/ml xylazine (X-Ject E™; Butler Schein Animal Health, Dublin, OH; Duquette et al.
2013). I fitted pregnant deer with very high frequency radiocollars (Model 500, Telonics,
Mesa, AZ; Model 2610B, Advanced Telemetry Systems Inc., Isanti, MN) and vaginal
implant transmitters (model 3930, Advanced Telemetry Systems Inc., Isanti, MN;
Duquette et al. 2012). Radiocollars were equipped with motion-sensitive mortality
switches that indicated a collar was stationary for ≥ 8 h (i.e., possible mortality).
Radiocollars and vaginal implant transmitters had precise event transmitters that provided
an estimate of the length of time the transmitter was expelled or stationary to the nearest
half hour. I extracted a lower canine for age estimation (Nelson 2001) conducted by the
Michigan Department of Natural Resources, Wildlife Disease Laboratory, Lansing, MI. I
estimated a mean body condition score from 2 trained independent observer scores that
involved each observer estimating a cumulative score (1 = emaciated to 5 = obese) of
body condition based on palpation of soft tissue at the withers, ribs, and rump (Cook et
al. 2001). I estimated maximum rump fat depth using ultrasonography (SonoSite 180™;
SonoSite, Inc., Bothell, WA) as the subcutaneous fat thickness at its thickest point
immediately cranial to the cranial process of the ischial tuberosity (Stephenson et al.
2002). I recorded deer body mass to the nearest 0.1 kg by elevating deer in a canvas tarp
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attached to a tared spring scale (Model IC-500®; Chatillon Force Measurement Systems,
Largo, FL) and right hind foot length to the nearest 0.1 cm measured from the top of the
calcaneum to the tip of the hoof using a flexible tape measure. I administered 1.5 ml (10
mg/ml) or 2.2–7.0 ml (2 mg/ml) of yohimbine (Hospira©; Forest Lake, IL) intravenously
or intramuscularly to antagonize effects of xylazine (Kreeger and Arnemo 2007). I
released all deer at respective capture sites.
I estimated FATINDEX modified from Cook et al. (2007) as an index of adult
female body fat using the arithmetic combination of body condition score and maximum
rump fat depth, where FATINDEX = maximum rump fat depth – 0.2 + body condition
score when maximum rump fat depth ≥ 0.2 cm and FATINDEX = BCS when maximum
rump fat depth < 0.2 cm. A rump fat depth of 0.2 cm represents the point at which rump
fat is depleted and measures reflect fascia thickness (Cook et al. 2010). I collected ≤ 39.5
ml of blood (BD SST Vacutainer® tubes, Becton, Dickinson and Company, Franklin
Lakes, NJ) through jugular venipuncture. Within 8 h of collection, I centrifuged blood
samples at 5,000 rpm for 12 min, then extracted and froze serum. The Michigan State
University Diagnostic Center for Population and Animal Health, Lansing, MI, USA
performed the assay for SUN on an Olympus AU640e chemistry analyzer using Olympus
System Reagents (Olympus America, Inc, Dallas, TX) and a hydrolysis procedure that
spectrophotometrically measured the disappearance of nicotinamide adenine dinucleotide
at 340 nm.
I assessed variation in adult female age among years using a Kruskal-Wallis test
(Zar 1999) to evaluate potential survival and pregnancy bias from differential age
distributions among years (Tsai et al. 1999). I used a Mann-Whitney U-test or Kruskal124

Wallis test to assess adult female age and WSI for deer which survived or died or among
years, respectively. I used a generalized linear model with a Gaussian distribution to
assess if adult female age was related to their body mass. I used 2-sample t-tests or
analysis of variance to assess adult female body mass, FATINDEX, and natural logtransformed SUN for adult females which survived or died or among years, respectively.
I captured 141 neonatal fawns (≤ 15 days old) opportunistically (n = 109) or with
vaginal implant transmitter searches (n = 32; Carstensen et al. 2003) from May to Jul
2009–2011. I fitted fawns with expandable drop-off radiocollars (model 4210, Advanced
Telemetry Systems Inc., Isanti, MN) with motion-sensitive mortality switches that
indicated the collar was stationary for ≥ 8 h and precise event transmitters that recorded
timing of the mortality event switch to the nearest half hour. I attached white ear tags
(model agpf#1, Allflex®, DFW Airport, TX), identified sex, and estimated age and
parturition date based on new hoof growth (Sams et al. 1986a, Carstensen et al. 2009). I
placed fawns in a cotton pillow case and weighed to the nearest 0.01 kg using a Pesola
spring scale (model #80020; Pesola®; Kapuskasing, Ontario, Canada). I wore clean
nitrile rubber gloves during fawn handling and kept all handling equipment, radiocollars,
and ear tags in clean bags filled with native vegetation to minimize human scent transfer
to fawns (Carstensen Powell et al. 2005). Fawns were released at sites of capture. The
Mississippi State University Institutional Animal Care and Use Committee (#09-004)
approved all capture and handling procedures.
I estimated parturition skew each year by subtracting estimated fawn parturition
dates from the estimated median fawn parturition date. I estimated birth body mass as the
difference of average daily mass gain for northern neonate white-tailed deer fawns (0.2
125

kg) and capture-mass (Carstensen et al. 2009). I used a Kruskal-Wallis test to assess
fawn age at capture among years. I used 2-sample t-tests and analysis of variance to
assess respective between and among year birth body mass and parturition skew of fawns
which survived or died. I used analysis of variance to assess male and female birth body
mass among years or analysis of variance with an interaction of year and mortality to
assess male and female birth body mass related to yearly mortality.
4.2.3

Winter severity
I deployed a weather station that measured daily mean snow depth (cm), mean

wind speed (kph), rainfall (cm), and minimum ambient temperature (C) near the center of
the study area in a representative mixed coniferous and deciduous upland forest. I
estimated a mean daily winter severity index (WSI) from 1 Jan to 31 Mar 2009–2011 by
averaging the sum of snow depth, wind speed, and rainfall and subtracting that value
from daily minimum temperature. I then summed daily values for the 3-month period
each year. Winter severity was centered on 0, with greater severity with increasing
positive numbers and less severity with increasing negative numbers. I developed this
index because of limited variation in snow depths and temperatures which were
predominantly below levels used by other indexes (e.g., DelGiudice et al. 2006).
4.2.4

Cause-specific mortality
Each year I relocated radiocollared adult females ≥ 1 time weekly from capture to

the last week of Apr, and adult females and fawns ≥ 5 times weekly from 1 May to 31
Aug and ≥ 1 time weekly during Sep–Mar, using truck-mounted and aerial
radiotelemetry. I estimated adult female locations using ≥ 3 bearings collected within 20
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min (Millspaugh and Marzluff 2001) and Location of a Signal 4.0 software (Ecological
Software Solutions LLC).
After detecting an adult female or fawn radiocollar mortality signal I investigated
mortality sites ≤ 24 hr (88% of mortalities ≤ 6 hr) and assessed if the signal was due to
deer mortality or other causes (e.g., slipped radiocollar). I censored deer with
radiocollars that failed or were slipped before 52 weeks post-capture and excluded adult
deer mortalities that occurred ≤ 14 days after capture as possible capture myopathy
(Beringer et al. 1996). When mortalities occurred I searched sites generally ≤ 200 m of
the radiocollar and expanded searches if evidence of mortality was found within this
search zone. I assessed cause of death based on carcass evidence including body position
of deer, presence of wounds with hemorrhaging, tooth puncture wound spacing, and
anatomically localized wounds or consumption. I also recorded whether the carcass was
dragged to or killed at the site, evidence of struggle, human or predator tracks, and
predator scat and hair. I estimated date of death based on the last live location of the
deer, state of carcass decomposition, and precise event transmission code of the
radiocollar or occasionally vaginal implant transmitter. I conducted gross necropsies
when necessary and looked for presence of colostrum in fawn stomachs to assess
potential starvation or abandonment. Photographs were taken of pertinent carcass and
site characteristic evidence.
I attributed mortalities to specific predators based on predation characteristics,
carcass wounds, and site characteristics which I compared to published descriptions
(Cook et al. 1971, White 1973, Ozoga and Verme 1982, Kunkel and Mech 1994) of this
evidence. I classified mortalities as an unknown predator if carcass and site evidence
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suggested a predation occurred (e.g., hair and tracks), but the carcass was consumed
beyond specific predator identification or only traces of the carcass were detected. When
I was unsure of causation, I sent carcasses to the Michigan Department of Natural
Resources Wildlife Division Pathology Lab, Lansing, MI, USA for necropsy. I divided
mortalities into 3 time periods including winter (1 Dec–30 Apr; DelGiudice et al. 2002),
spring-summer (1 May–31 Aug; N. J. Svoboda, unpublished data), and fall (1 Sep–30
Nov). I categorized mortalities as predations, human-caused, and other/unknown and
estimated proportional hazards of each category using the survival package (Therneau
2013) in R 2.15.0 software (R Core Team 2012).
4.2.5

Habitat characteristics of predation and parturition sites
I conducted surveys to estimate habitat characteristics, including landcover

composition and horizontal cover, at parturition, adult female and fawn predation, and
random sites. I classified 28 parturition sites and 75 fawn (≤ 7 days old) capture sites as
parturition sites and pooled these data for analyses. I assumed habitat characteristics at
capture sites would closely characterize parturition sites because fawns have minimal
movement during the first week of life (Jackson et al. 1972). I only conducted surveys at
predation sites of mammalian predators and if I was confident sites were actual or near (<
50 m; Svoboda et al. 2013) predation sites. For example, carcasses and predator sign was
occasionally distributed around the presumed kill site, but the actual kill site could not be
determined. Random sites were established using a generalized random-tessellation
stratified design (Stevens and Olsen 2004) to spatially balance sites across the study area
and allow replacement of sites which were unavailable due to navigation hazard or
unused landcover (e.g., lake). I stratified points by landcover type using 2006 National
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Landcover Data (30 m resolution; United States Geological Survey 2011) that I
reclassified from 15 original landcover types to 8 types (Table 4.1) using ArcGIS 10.0
(Environmental System Research Institute 2011). I distributed 480 points across the
study area, with 60 points randomly stratified into each landcover type with each point
given a random number and sequentially sorted so all classes were mixed in the database.
Annually I conducted an equal number of random site surveys as number of predation
and parturition sites occurring within the same month.
I characterized site vegetation composition by estimating proportion of each
landcover type within a 25 m radius of a site (e.g., predation) which could influence
likelihood of deer and predator site use. I chose a 25 m radius as a balance between
characterizing habitat at sites and increased efficiency of sampling sites, which were
often in dense cover. I estimated mean percentage canopy closure using a convex
densiometer at each site and at points in cardinal directions 25 m from the site. I
estimated potential fawn hiding cover as the number of downed woody debris with
diameter ≥ 20 cm (intersecting 25 m transects set in cardinal directions from site center. I
considered debris ≥ 20 cm hiding cover based on a body diameter estimated from mean
chest circumference (35.0 cm) of neonate fawns from Carstensen et al. (2009), which I
summed with an additional 9 cm to account for cranial exposure. I estimated horizontal
cover using a 23 × 101 cm modified Nudds board (Nudds 1977) painted red on the lower
portion (0–54 cm) and white on the top portion (54–101 cm), corresponding to the mean
shoulder height of captured adult females and neonatal fawns, respectively (J. F.
Duquette, unpublished data). At each location I estimated horizontal cover by observing
the board from cardinal directions at a distance of 5 m and height of 50 and 75 cm above
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ground, corresponding to the mean shoulder height of captured black bears (tallest
predator) and bobcats (shortest predator), respectively (N. J. Svoboda, unpublished data).
However, I used the red 50 cm horizontal cover values to estimate horizontal cover for
the site because red and white estimates at both heights were correlated (r > 0.85) for all
adult female and fawn site types. I used a 5 m visual distance because 97% of captured
neonatal fawn flush distances were ≤ 5 m.
I used generalized linear mixed-models to evaluate relationships between adult
female or fawn predation sites and availability, between parturition sites and availability,
and between parturition sites and fawn predation sites. I used year as a random effect in
models to account for variation in characteristics among years. I used variance inflation
factors to assess model parameters for multicollinearity (≥ 10; Quinn and Keough 2002)
and removed a characteristic I considered less important to a specific site type if collinear
with another characteristic. I individually modeled landcover types, horizontal cover,
woody debris, and canopy closure to assess if deer parturition and predation sites were
related to site characteristics. I retained site characteristics which were univariately
significant (P ≤ 0.05) and developed additive model combinations using these
characteristics. I then used Akaike’s Information Criterion corrected for small sample
size (AICc) for model selection and ranked models using ΔAICc and AICc weight
(Burnham and Anderson 1998). I report coefficient estimates and the adjusted coefficient
of determination as the percentage of variation explained (Zar 1999) for all models. All
analyses used α = 0.05 and were performed in program R 2.15.0 (R Core Team 2012).
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4.2.6

Cumulative survival and covariates
I used the Kaplan-Meier estimator in the survival package (Therneau 2013) in R

2.15.0 software (R Core Team 2012) to estimate annual and cumulative annual
radiocollared adult female and fawn survival over weekly intervals from capture to 52
weeks post capture from 2009 through 2011. I used a staggered entry design (Pollock et
al. 1989) and categorized adult females or fawns into groups based on 7-day capture
periods with each annual starting date equal to the earliest capture date in that year. I
evaluated adult female age-specific survival (DelGiudice et al. 2006) using age as the
predictor (time) variable and mortality as the binary response (status) variable. I assessed
annual survival among years for adult females and fawns and between fawn sexes using
the log-rank test. I right-censored 26 fawns (5 in 2009, 12 in 2010, and 9 in 2011) before
completion of the annual period due to radiotransmitter failure or a radiocollar was
recovered but no evidence of mortality (e.g., slipped radiocollar) was detected. I
considered deer censored at that date or as indicated by the precise event transmitter.
I used Cox proportional hazards models (Cox 1972) to assess the following
covariates of adult female survival: 1) body mass, 2) FATINDEX, 3) SUN, 4) age, 5)
WSI, and 6) year. I used analogous methods to assess the following covariates of fawn
survival: 1) sex, 2) birth body mass, 3) parturition date, 4) WSI, and 5) year. I considered
sex, birth body mass, and parturition date as biological covariates. I considered WSI an
environmental covariate and year as a temporal covariate. I verified no covariates of
adult female or fawn survival were correlated (Spearman rank test; ρ ≥ 0.60) before
running models. I assessed each covariate individually, with an interaction with year,
except for WSI which had the same value for all deer within each year, and additive
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models including combinations from all covariate sets. I used package AICcmodavg
(Mazerolle 2012) in program R for model selection using AICc (Burnham and Anderson
1998) as described previously. I tested the null hypothesis that all covariate parameters
were 0 using Wald test (α = 0.05) and estimated the variance explained by calculating the
reduction in log-likelihood for the given model from the null model (deviance explained;
Aldridge and Boyce 2008). I tested for proportional hazards to evaluate the relationship
between instantaneous mortality rates and covariates using the cox.zph function in
package survival (Therneau 2013). I assessed diagnostic plots of scaled Schoenfeld
residuals (Schoenfeld 1982) against transformed time or age, where a non-zero slope is
evidence against proportionality.
4.3
4.3.1

Results
Captures and body condition
I captured 90 adult females from 7 Jan to 21 Apr 2009–2011, including 32 in

2009, 27 in 2010, and 31 in 2011. One adult female was censored due to loss of contact
with the radiotransmitter (Table 4.2). Adult female age at capture was similar between
those that lived or died (U = 654.500, P = 0.259; Table 4.3) and among years (H2 =
0.019, P = 0.990; Table 4.4). Adult female body mass was positively related (β = 0.010,
SE = 0.005, P = 0.044) to their age, with mass peaking around 8 year old (Figure 4.2).
Body mass was greater for adult females that lived than died (t45 = 2.287, P = 0.027) and
differed among years (F2, 80 = 31.980, P < 0.001), with greater mass during 2010 than
2009 and 2011. Mean SUN was similar between adult females that lived or died (t39 = 0.751, P = 0.457) and among years (F2, 79 = 1.561, P = 0.216). Mean FATINDEX was
similar between adult females that lived or died (t49 = -0.166, P = 0.869) but differed (F2,
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81 =

8.749, P < 0.001) among years, with decreased FATINDEX in 2010 than 2009 and

2011.
I captured 141 neonate fawns from 14 May to 1 Jul 2009–2011, including 48 (25
males, 22 females, 1 unknown) in 2009, 44 (23 males, 20 females, 1 unknown) in 2010,
and 49 (28 males, 21 females) in 2011. Median fawn handling time was 20.0 (SD = 10.9)
min. Twenty-six fawns were censored during the annual survival period across years due
to loss of contact with radiotransmitters (Table 4.2). Median fawn age at capture was 1
day (SD = 2.8) and similar (H2 = 1.694, P = 0.429) among years (Table 4.5). Mean birth
body mass was similar between fawns that lived or died (t133 = 1.339, P = 0.183; Table
4.6), but differed (F2, 133 = 38.300, P < 0.001; Table 4.5) among years, with greater body
mass during 2010 than in 2009 and 2011. Male and female fawn birth body mass was
similar among years (F2, 123 = 1.441, P = 0.240) and for males and females which lived or
died among years (F2, 123 = 0.617, P = 0.541).
Median day of fawn parturition was 1 Jun (range = 22 May–21 Jun) in 2009, 2
Jun (range = 14 May–11 Jun) in 2010, and 1 Jun (range = 22 May–12 Jun) in 2011.
Mean parturition skew was similar (F2, 136 = 2.582, P = 0.079; Table 4.5) among years
and for fawns that lived or died (t130 = -0.914, P = 0.362).
4.3.2

Winter severity
Winter severity was greatest during 2009 (455.900), followed by 2011 (242.500)

and 2010 (-12.700). Median WSI across years was greater in Feb (390.900, SD =
225.595) than in Jan (358.900, SD = 323.957) than and Mar (-18.200, SD = 242.723).
Median winter severity was similar (U = 871.500, P = 0.848) between adult females that
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lived or died (Table 4.3), but was less (U = 1962.500, P = 0.024) for fawns that lived than
fawns that died (Table 4.6).
4.3.3

Cause-specific mortality
Most (44%; n = 12) adult female mortalities occurred during winter, followed by

spring-summer (37%; n = 10) and fall (19%; n = 5). Predation had the greatest (3.89)
estimated proportional hazard among adult female mortality categories, followed by
other/unknown (1.61) and human-cause (1.06) categories. Coyotes were the leading
cause of adult female mortality across years, followed by wolves (Table 4.2). Coyote
predations occurred during winter (n = 4), spring (n = 3), and summer (n = 2), while wolf
predations (n = 4) occurred during winter and 1 black bear predation occurred during fall
(Svoboda et al. 2011). Although bobcat and unknown predations of adult females
occurred throughout the year, they tended to occur most during spring-summer (Figure
4.3). In 3 cases I observed signs of predation (e.g., bite wounds with hemorrhaging on
skin), but was not able to determine predator-specific causation. I classified 1adult
female mortality as unknown due to advanced decomposition of the carcass and lack of
evidence.
Most (77%; n = 57) fawn mortalities occurred during spring-summer, followed by
fall (16%; n = 12) and winter (7%; n = 5). Predation had the greatest (4.89) estimated
proportional hazard among fawn mortality categories, followed by other/unknown (2.17)
and human-caused (1.45) categories. Coyotes were the leading cause of fawn mortality
across years, followed by bobcats (Table 4.2). One fawn (3 days old) was killed by a
bald eagle (Haliaeetus leucocephalus; Duquette et al. 2011). In 9 cases I was unable to
determine the species causing predation. Six mortalities were attributed to unknown
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causes due to advanced carcass degradation and lack of evidence. Two fawn mortalities
were attributed to abandonment based on emaciation and lack of colostrum in their
stomachs. Mean fawn age for coyote predations was 23.5 (SD = 54.1) days, wolf
predations was 42.0 (SD = 43.4) days, bobcat predations was 31.0 (SD = 77.2) days,
black bear predations was 40.0 (SD = 22.4) days, and unknown predations was 85.0 (SD
= 103.1) days (Figs. 3, 4).
4.3.4

Habitat characteristics of parturition and predation sites
I developed 12 univariate models (Table 4.7) to assess which habitat

characteristics best explained adult female predation sites (N = 13). Predation sites had
less likelihood of woody debris (β = -0.967, SE = 0.478, P = 0.043) compared to
availability and competed with horizontal cover for the best model, but were not
combined in an additive model because horizontal cover was similar (β = -0.777, P =
0.095) to availability. Canopy density (β = -0.009, P = 0.813) and landcover types (β = 0.571–3.145, P = 0.310–0.997) were similar to availability.
I developed 13 univariate or additive models (Table 4.8) to assess which
parameters best explained parturition sites (N = 103). An additive model of mixed forest
and horizontal cover was most supported by AICc, with sites having greater likelihood of
mixed forest (β = 0.392, SE = 0.146, P = 0.007) and horizontal cover (β = 0.288, SE =
0.142, P = 0.043) compared to availability. Woody debris (β = -0.001, P = 0.994),
canopy density (β = 0.114, P = 0.415), and landcover types (β = -0.467–0.247, P =
0.063–0.331) were similar to availability.
I developed 16 univariate or additive models (Table 4.9) to assess which
parameters best explained fawn predation sites (N = 55). Two additive models competed
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for the best model based on AICc, which suggested predation sites had greater likelihood
of cropland (β = 0.812, SE = 0.312, P = 0.009), but less likelihood of horizontal cover (β
= -0.529, SE = 0.201, P = 0.008) and canopy density (β = -0.427, SE = 0.196, P = 0.029).
Woody debris (β = -0.354, P = 0.076) and landcover types (β = -0.288–0.169, P = 0.135–
0.743) were similar to availability.
All model parameters were similar (β = -0.69–0.23, P = 0.105–0.887) between
fawn parturition (n = 103) and predation sites (n = 58), therefore additive models and
model rankings were not assessed.
4.3.5

Cumulative survival and covariates
Mean annual adult female survival was 70.0% (Figure 4.5a) and was similar (Χ22

= 3.300, P = 0.192) among years (Figure 4.5b; Table 4.10). Adult female survival
generally declined with increasing age (Table 4.11) within and among years (Figure 4.6),
but age did not (P = 0.290) explain variation in mortality. I evaluated 25 models
assessing covariates of adult female mortality which was best explained by 2 competing
models (Table 4.12) including covariates of body mass, SUN, and an interaction term of
SUN and year. Model-averaged estimates of body mass and SUN suggested a 1 kg
increase in body mass decreased likelihood of adult female mortality by 3.8% (SE =
0.23), but a 1 mg/dl increase in SUN increased likelihood of mortality 3.4% (SE = 0.22).
However, SUN had a greater (Χ21 = 6.100, P = 0.014) influence on survival in 2010 than
2011, but not between other years (Χ21 = 0.700–2.000, P = 0.159–0.412). Remaining
covariates, including those with year interactions, did not (P = 0.243–0.970) explain
variation in adult female mortality.
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Mean annual fawn survival was 44.0% (Figure 4.7a) and differed (Χ22 = 6.700, P
= 0.035) among years (Figure 4.7b; Table 4.10). Annual survival was similar (Χ21 =
0.500, P = 0.459) between 2009 and 2011, but was greater in 2010 than in 2009 (Χ21 =
6.200, P = 0.013) or 2011 (Χ21 = 4.100, P = 0.042). Annual fawn survival was similar
(Χ22 = 0.200, P = 0.677) between males and females among years (Figure 7c) which
exhibited similar trends in survival (Table 4.13). I evaluated 9 models assessing
covariates of fawn mortality, which was best explained by 2 competing models including
birth body mass and an additive model of birth body mass and WSI (Table 4.14). Modelaveraged parameter estimates suggested a 1 kg decrease in birth body mass increased
likelihood of fawn mortality by 11.0% (SE = 0.15; P = 0.043); however, a 1-unit increase
in WSI did not influence (β = 0.260; SE = 0.14; P = 0.072) the likelihood of fawn
mortality. Remaining covariates, including those with year interaction terms, did not (P
= 0.178–0.970) account for variation in fawn mortality.
4.4
4.4.1

Discussion
Cumulative adult female survival and covariates
Cumulative annual adult female survival in my study (70%, range = 55–78%) was

similar to estimates from previous studies in northern latitudes (0.50–0.83%: Fuller 1990,
Van Deelen et al. 1997, DePerno et al. 2000, Brinkman et al. 2004, Magle et al. 2012).
Survival appeared to be affected predominantly by energetic demands of adult females,
as body mass and SUN best predicted mortality. Although previous studies (DelGiudice
et al. 2002, Bender et al. 2007, Parker et al. 2009) have reported body mass as a poor
predictor of ungulate survival, greater body mass likely improved the ability of adult
females to survive winter and evade predators, particularly because larger deer generally
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have greater fat reserves (Watkins et al. 1991). Also, mean body mass of adult females
that survived (n = 63) was 6.3 kg greater than those that died (n = 27) further
emphasizing greater body mass reduced risk of mortality. Decreased body mass was
likely due to malnutrition, as 27 of 82 adult females had SUN concentrations ≥ 20 mg/dl,
indicating advanced malnourishment led to greater protein catabolism and loss of body
mass (DelGiudice et al. 1987, DelGiudice and Seal 1988). However, it appeared that
winters were mild enough (e.g., snow depths < 45 cm) that most adult females only
catabolized body fat, resulting in FATINDEX having narrow variation and poor
predictability of survival. Mild winters also likely allowed most females up to 15.6 years
old to remain in adequate physiological condition to reproduce (Duquette et al. 2012).
Satisfactory reproduction and survival rates resulted in adult females being less
influential to population growth than fawn survival during the study (Duquette et al.
2014).
Although winters were mild compared to other northern studies (e.g., DelGiudice
et al. 2002), energetic demands related to yearly variation in winter severity and gestation
(Mautz 1978, Fuller 1990, DelGiudice et al. 1998, 2002) appeared to reflect variation in
adult female physiological condition. For example, decreased adult female survival in
2011 likely resulted from nutritional carry-over effects from greater fawn survival in
2010, which reduced adult female body mass prior to 2011 captures (Parker et al. 2009).
Additionally, increased winter severity during 2011 captures presumably increased
energetic demands of adult females and delayed spring forage to replenish body condition
(Coblentz 1970, DePerno et al. 2000, Parker et al. 2009), further decreasing body mass
and survival of adult females in 2011. Relationships among weather, forage availability,
138

and gestation often exhibit temporal patterns or lag effects on energetic demands and
subsequently survival and reproduction of ungulates (Verme 1969, Moyes et al. 2006,
Garroway and Broders 2007, Parker et al. 2009). Hence, wildlife managers should
consider yearly variation in energetic demands when forecasting deer survival and setting
population management goals.
Survival of adult females appeared to decline for females ≥ 8 years old,
supporting my prediction and the positive relationship between body mass and adult
female age and survival (DelGiudice et al. 2002). Although body mass declined in olderaged females, I did not observe evidence of senescence (Duquette et al. 2012) which
suggests these deer used their body reserves to maintain reproductive success. However,
my prediction that yearlings would have comparatively poor survival (DelGiudice et al.
2006) was not supported. Though survival data were only available for 8 yearlings, that
70% of yearlings in the study were pregnant (Duquette et al. 2012) suggests that most
were in sufficient condition to maintain gestation. High reproductive rates across all ages
suggests relatively mild winters in the study area allowed most adult females to remain in
satisfactory physical condition to survive and reproduce. Therefore, high pregnancy rates
estimated from vehicle collisions during the 1990s and pregnancy rate I estimated suggest
reproduction has not regulated growth of this population.
4.4.2

Adult female cause-specific mortality
Predation accounted for 67% of adult female mortalities, corroborating previous

studies attributing predation as the greatest source of deer mortality (e.g., Nelson and
Mech 2006). Although I predicted wolves would cause the greatest number of
predations, coyotes were the primary predator and accounted for 33% of mortalities and
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47% of predations. Greater predations by coyotes likely resulted from greater resource
overlap between coyotes and adult females, likely due to adult female avoidance of
interior forests which had poorer forage and greater use by wolves (Chapters 2, 3).
Where coyote abundance is low, they are often negligible predators of adult deer (Fuller
1990, DelGiudice et al. 2002, Grovenburg et al. 2011). However, coyotes were the most
abundant predator in the study area (Petroelje et al. 2014), leading to a lesser coyote:deer
ratio and greater predations on deer, similar to wolf:deer ratios in Minnesota (Fuller
1991, Kunkel and Mech 1994). Coyote predation of adult females occurred during
almost all seasons and the mean SUN concentration of those deer was 15.9 mg/dl (SD =
6.1), suggesting some individuals were not malnourished (DelGiudice et al. 1987) and
predations were potentially additive. Interestingly, most adult females killed by coyotes
were prime-age (DelGiudice et al. 2006; mean = 6.1 ± 3.7 years old), which may have
been related to greater space use (Kunkel and Pletscher 1999, Nixon et al. 2001) or
defense of fawns (Ozoga and Verme 1986); though only 3 of 6 adult females predated
during spring-summer were prime-aged. Therefore, I assume coyotes were killing adult
females opportunistically. I could not compare age with space use because too few adult
females which were killed had ≥ 30 radiolocations to estimate space use ellipses
(Millspaugh and Marzluff 2001).
Wolves are considered the primary predator of deer in northern latitudes
(DelGiudice et al. 2002, Nelson and Mech 2006), but were only attributed to 15% of
mortalities and 22% of predations. Relatively mild winters with shallow snow depths
appeared to keep adult females in relatively good condition and less vulnerable to wolf
predation compared to areas with greater winter severity (e.g., DelGiudice et al. 2002).
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Additionally, adult females killed by wolves had a mean SUN of 20.3 mg/dl (SD = 4.0),
suggesting most were malnourished (DelGiudice et al. 1987) and possibly compensatory
mortalities. Further, adult females avoided resource overlap with wolves during springsummer (Chapters 2, 3, N. J. Svoboda, unpublished data), which would have partially
reduced their odds of predation from wolves. Finally, wolves may have also killed fewer
adult females because radiocollared wolves were known to supplement their dietary
intake scavenging at livestock carcass dumps (N. J. Svoboda, unpublished data).
Unlike other more agricultural and grassland regions of the Midwest where
antlerless deer hunter harvest is prevalent (60-70%; Nixon et al. 2001, Brinkman et al.
2004, Grovenburg et al. 2011), harvest accounted for 11% of adult female mortalities in
the study. Similarly, Van Deelen et al. (1997) reported only 4% of adult female
mortalities were attributed to harvest in an adjacent region of the Upper Peninsula of
Michigan. Harvest mortalities in the study only occurred during 2011, which was
possibly related to greater hesitancy to harvest radiocollared deer during earlier years or
increased knowledge that radiocollared deer were legal for harvest (Jacques et al. 2011).
Additionally, hunters in the study area commonly stated they were less likely to harvest
an adult female because they perceived the deer population was declining. Although
hunters could have avoided radiocollared deer, greater harvest rates of radiocollared adult
females in other studies (Fuller 1990, Jacques et al. 2011) suggests minimal harvest
resulted from hunter perception of deer population abundance.
4.4.3

Habitat characteristics of adult female predations
Less woody debris and horizontal cover at adult female predations suggests these

predations occurred in older-aged forests with reduced hiding cover providing visual
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concealment from predators (Lingle and Wilson 2001). Although adult females may
have sought forests with less woody debris to improve the ability to escape from
predators (Ripple and Beschta 2004), minimal understory could have increased detection
by predators. Also, older-aged forests were often over-browsed, limiting the nutritional
intake and increasing predation potential of adult females (Seal et al. 1978, Nelson and
Mech 2006) using these forests. Lack of associations between predations and landcover
types could have resulted from deer being habitat generalists (Vreeland et al. 2004) and
only a relatively small number of predations occurring throughout all seasons when
landcover may be used differently. Nevertheless, predation of adult females may have
been influenced by vegetation structure (e.g., N. J. Svoboda, unpublished data) or
vegetation characteristics at greater spatial scales (e.g., Farmer et al. 2006) than I
assessed.
4.4.4

Cumulative fawn survival and covariates
Annual fawn survival during the study (44%, range = 35–59) was similar or

greater than previous estimates of annual fawn survival (0.23: Ballard et al. 1999, 0.46 [9
months of age]: Vreeland et al. 2004, 0.23: Kilgo et al. 2012) which also attributed most
mortalities to predation. These results emphasize previous conclusions (e.g., Vreeland et
al. 2004, Rohm et al. 2007) that fawn survival is commonly less in predominantly
forested and predator-diverse landscapes compared to human-dominated and agricultural
landscapes. For example, Pusateri-Burroughs et al. (2006) estimated annual fawn
survival of 75–76% in an agricultural and less predator-diverse region of southern
Michigan. Additionally, fawn survival to 6 months of age was estimated at 67–75% in
agricultural areas of Michigan (Hiller et al. 2008) and Iowa (Huegel et al. 1985),
142

respectively. Largely forested landscapes often have greater predator abundance (Fuller
and Kittredge, Jr. 1996) or species diversity (Flynn et al. 2009), which could result in
reduced fawn survival through increased cumulative predator density (Ballard 1992,
Rohm et al. 2007, Hiller et al. 2008, White et al. 2010, Kilgo et al. 2012). Although
coyotes were the densest predator species in the study area (Petroelje et al. 2014) and
greatest predator of fawns, their impact was likely exacerbated by dams placing fawns in
non-ideal resources where fawns had poor hiding cover and greater risk of predation (Arlt
and Pärt 2007), particularly from coyotes (Chapters 2, 3). These relationships emphasize
that predator density and diversity can have direct and indirect effects on survival of
neonate ungulates.
Although most fawns died of predation, decreasing survival of fawns was best
related to decreasing birth body mass, supporting previous studies (Nelson and Woolf
1987, Sams et al. 1996b, Carstensen et al. 2009). This relationship was presumably
influenced by maternal nutritional effects (Gustine et al. 2006, Lomas and Bender 2007,
Carstensen et al. 2009, Monteith et al. 2009) where a milder winter preceding 2010
parturition resulted in adult females in better body condition and subsequently greater
mean fawn body mass (Haskell et al. 2008). Conversely, greater WSI preceding 2009
and 2011 parturition would have placed greater energetic costs on adult females and
greater delayed spring vegetation growth. Delayed vegetation could have limited hiding
cover for fawns and the replenishment of adult female body condition that reduced birth
body mass (Haskell et al. 2008) and survival of fawns, particularly during the most severe
winter in 2009. Although similar birth body mass between fawns that survived or died
suggested body mass may not have been influential to mortality across years, underlying
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maternal effects and decreased birth body mass of fawns may have made them more
susceptible to predation (Mech et al. 1991, White et al. 2010). For example, the number
of predations from the 4 primary predators decreased 43% from 2009 to 2010 when birth
body mass increased, but then increased 83% from 2010 to 2011 when birth body mass
decreased. Vreeland et al. (2004) also showed most fawn predations in Pennsylvania
occurred within the first 3 months of life, during which survival was less for fawns with
lesser birth body mass. Without experimental manipulation, my interpretation of fawn
predations as compensatory or additive is confounded by variation in relationships among
biological and environmental factors. Nonetheless, interspecific resource competition
among predators (N. J. Svoboda, unpublished data) combined with weather appeared to
increase vulnerability of fawns to predation (Griffin et al. 2011).
My prediction that fawn survival would decrease with parturition dates farther
from annual median parturition dates (e.g., Aanes and Andersen 1996) was not supported.
Peak parturition dates and skews occurred within 2 days of each other across years.
Relatively synchronous parturition across years could have been a reproductive strategy
which reduced likelihood of mortality for individual fawns through a “predator
swamping” effect, whereby predators became satiated (Whittaker and Lindzey 1999,
Testa 2002, Vreeland et al. 2004, Saalfeld and Ditchkoff 2007). This strategy would
have been particularly useful to maximizing survival of fawns because of the predator
diversity and cumulative density (Kilgo et al. 2012) within the study area. Further, this
strategy could have been maintained annually by most reproductive females having
reasonably good physiological condition (Verme 1965, McGinnes and Downing 1977,
Verme 1977, Kunkel and Mech 1994) and reaching late-age, which provided them
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greater control and experience of optimal parturition time (Ozoga and Verme 1986).
Therefore, the influence of parturition date and skew on survival appears to be sitespecific and may depend on predator species diversity and abundance and other factors,
such as physiological condition of reproductive females.
Similar to Vreeland et al. (2004), I observed similar survival between sexes,
which did not support my hypothesis. Similar survival of sexes could have been related
to similar birth body mass (Carstensen et al. 2009), activity patterns (Jackson et al. 1972),
or variation in mortality risks associated with maternal landscape use (Grovenburg et al.
2012), particularly because most fawns died of predation. However, I did not have
enough fawns with ≥ 30 radiolocations to test if space use was different between males
and females. Therefore, the 1:3 adult male to adult female ratio in the study area
(Duquette et al. 2014), is likely more reflective of adult than fawn mortality patterns,
particularly hunter harvest. Also, these adult deer ratios could explain why I captured
slightly more male than female fawns each year (Verme 1981); though poor forage
availability could cause this bias (Verme 1983).
4.4.5

Fawn cause-specific mortality
Predation was the primary (77%) source of fawn mortality in the study, similar to

previous estimates (53–100%; Cook et al. 1971, Garner et al. 1976, Bartush 1978, Nelson
and Woolf 1987, Huegel et al. 1985, Kunkel and Mech 1994, Carstensen et al. 2009).
Also, neonates were most susceptible to predation within the first 3 months of life as
described in other areas (Kunkel and Mech 1994, Ballard et al. 1999, Vreeland et al.
2004, Rohm et al. 2007, Carstensen et al. 2009, Grovenburg et al. 2012). While poor
physiological condition of dams had negative effects on fawn birth body mass (Verme
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1989) and survival, dams influenced non-ideal resource use of fawns, whereby fawns had
poor resources and greater predation risk within their home ranges and across the study
area (Chapters 2, 3). Non-ideal resource use likely led to greater predation rates,
particularly as fawns were relatively immobile (Jackson et al. 1972, N. J. Svoboda,
unpublished data) and depend on ability of dams to acquire forage and hiding cover while
avoiding predators (Grovenburg et al. 2012) during months when most predations
occurred. However, predator diversity and variation in abundance could have also had
dominant roles in the major causation of species-specific predation on fawns (Gustine et
al. 2006, Griffin et al. 2011).
Coyotes were the greatest (32%) source of fawn mortality, as reported in other
studies (Cook et al. 1971, Huegel et al. 1985, Nelson and Woolf 1987, Ballard et al.
1999, Rohm et al. 2007, Jackson 2011). Greater fawn predations by coyotes was likely
related to a combination of coyote density (0.32–0.37/km2, Petroelje et al. 2014) and low
deer abundance (Kilgo et al. 2012, Duquette et al. 2014) as suggested by others (Rohm et
al. 2007, Grovenburg et al. 2011). Also, fawns in the study area avoided resource overlap
with wolves during their maternal dependency period (May-Aug; Chapters 2, 3),
resulting in greater resource overlap with coyotes, which were excluded from wolf core
territories (Berger and Gese 2007, N. J. Svoboda, unpublished data). Similar to Nelson
and Woolf (1987), mean fawn age for coyote predations in the study was 37.6 days.
Timing of these predations coincides with the fawn social mobility period (N. J. Svoboda,
unpublished data), when fawns become more mobile and rely less on a hiding strategy,
likely making them more detectable to coyotes. However, coyotes appeared less
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effective in capturing fawns > 70 days old because fawns became more mobile or elusive
(Nelson and Woolf 1987).
Wolves also mainly killed fawns during the social mobility period (N. J. Svoboda,
unpublished data), but were also able to kill fawns later in the year when fawns were
likely more conspicuous from greater body size and mobility (Arjo et al. 2002).
Additionally, wolf predations of fawns were minimized by dam avoidance of wolves at
multiple spatial scales (Chapters 2, 3) and because wolves were subsidized with livestock
dumps (N. J. Svoboda, unpublished data). Finally, some of the unknown fawn mortalities
could have been attributed to wolves (Carstensen et al. 2009), particularly because mean
age of unknown predations of fawns was 112.8 days. Therefore, estimates of wolf
predations of fawns are likely biased low.
Studies have often reported minimal bobcat predation of fawns (3%: Cook et al.
1971, 4%: Ballard et al. 1999, 7%: Kilgo et al. 2012), but Carstensen et al. (2009)
attributed greater (9–47%) bobcat predation of fawns to greater bobcat abundance in
Minnesota. Although bobcat abundance in the study area was relatively low (Stricker et
al. 2012), they were major predators of fawns, at least within the initial 2 months of life
of fawns. These results suggested woody debris and horizontal cover were important to
reducing fawn predation, but this behavior may have allowed bobcats to ambush fawns
which were less mobile (Svoboda et al. 2013). Additionally, increased resource use
similarities of fawn and bobcats could have been related to bobcats searching for
alternative food, (e.g., ruffed grouse Bonasa umbellus; Svoboda et al. 2013) which may
use similar dense vegetation. Bobcats were likely less able to kill fawns as summer
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progressed because fawn movement (Jackson et al. 1972) and body mass increased with
age and made them less predictable and more difficult to physically handle, respectively.
Black bear predation of fawns varies greatly (e.g., 18%: Ballard et al. 1999, 49%:
Kunkel and Mech 1994), which is likely related to alternative food availability for bears
(Vreeland et al. 2004). Although black bears were relatively common (0.14–0.19/km2; J.
L. Belant, unpublished data) in the study area, minimal fawn predation by bears during
the study may have been due to bears acquiring alternative forage (e.g., grasses and
forbs) soon after exiting dens, particularly as winters were relatively mild. For example,
Vreeland et al. (2004) showed black bear predation of fawns was less in an agricultural
landscape (12.5%) compared to a predominantly forested landscape (36.6%).
Additionally, black bears are typically opportunistic predators of fawns (Zager and
Beecham 2006) and can normally only catch fawns < 45 days old (Ozoga and Verme
1982), as supported by results and others (Kunkel and Mech 1994, Vreeland et al. 2004).
4.4.6

Habitat characteristics of fawn survival
Parturition occurred at sites with greater likelihood of mixed forest and horizontal

cover which provided spring forage and hiding cover from predators (Huegel et al. 1986,
Uresk et al. 1999, Bongi et al. 2008, Butler et al. 2009, Van Moorter et al. 2009).
Specifically, dam selection of dense vegetation, particularly mixed forest, likely provided
a good trade-off between acquiring newly grown deciduous forage and hiding and
thermal cover for fawns (Huegel et al. 1986, Uresk et al. 1999, Grovenburg et al. 2010).
Hiller et al. (2008) also reported fawns ≤ 2 months old in southern Michigan selected for
mixed forests, but did not suggest reasons for selection. Other habitat characteristics
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were presumably not influential to parturition sites at the spatial scale I assessed or adult
female generalist selection of habitats (Vreeland et al. 2004).
Unlike parturition sites, fawn predation sites were related to less hiding cover, but
potential habitat associations with predators, particularly coyotes (Turner et al. 2011).
Specifically, less likelihood of horizontal cover and forest canopy density but greater
likelihood of cropland suggested fawns using more open habitats in or near croplands had
the greatest risk of mortality. While these relationships partially supported my
predictions, they greatly supported other studies stressing the importance of hiding cover
to fawns (e.g., Bongi et al. 2008). Further, the importance of adequate hiding cover to
fawn survival was emphasized by decreased WSI that allowed earlier growth of
vegetation for hiding cover resulting in less predation of fawns (Bergerud and Page 1987,
Rohm et al. 2007) in 2010, while greater WSI delayed vegetation growth which increased
fawn predation rates in 2009 and 2011. Also, greater vegetation growth in 2010 could
have reduced movement of adult females to find forage (Piccolo 2002), thereby reducing
predator detection of fawning areas. Although cropland was included in 24% of
radiocollared adult female annual home ranges, cropland and forest vegetation was still
relatively sparse during the limited mobility period of fawns (N. J. Svoboda, unpublished
data), which could have improved predator detection of fawns (Coulson et al. 1997). I
also estimated fawns in the study used pasture during spring-summer which likely
reflected maternal nutritional needs and fawn hiding cover, but could have exacerbated
predation of fawns because dams did not initially perceive the magnitude of coyote
predation risk associated with pastures or were willing to increase risk at the expense of
attaining forage (Gustine et al. 2006). Similar scenarios have been documented with
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other ungulates (Berger and Gese 2007, Berger et al. 2008, Panzacchi et al. 2010) and
emphasize that mortality risk of fawns can increase with dams that use poor trade-offs in
resource selection and predator avoidance. Remaining metrics of fawn predation sites
may have operated at a scale I did not measure or were not influential to likelihood of
fawn predation, similar to parturition sites.
Similarities between parturition and predation site characteristics could have
resulted from most predation occurring before fawns began to move to areas with
different habitat characteristics than those at parturition sites (Jackson et al. 1972).
Although contrasting horizontal cover was influential to parturition or predation sites of
fawns, the numerous predator species occurring in the study area may have reduced the
ability of dams to hide fawns, even in adequate cover. For example, dams may have put
fawns in thick cover to avoid coyotes, but bobcat selection of similar cover to fawns
(Svoboda et al. 2013) may have allowed increased bobcat-fawn encounters and
consequently predations. Also, ungulate survival may often be scale-dependent relative
to predator-specific risk and vegetation availability (Vreeland et al. 2004, Pettorelli et al.
2005, Gustine et al. 2006), thereby the spatial scale of site characteristic surveys may
have been too small to detect other characteristics which were influential to predation.
4.5

Management implications
Although white-tailed deer survival has been studied extensively compared to

many species, studies have rarely concomitantly assessed if deer survival is mediated by
bottom-up (e.g., nutritional condition) or top-down (e.g., predation) processes,
particularly for adults and fawns. Most studies have only investigated the relationship of
one or two factors with survival (e.g., DelGiudice et al. 2002, 2006, Carstensen et al.
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2009). This study emphasized that ungulate survival is influenced by interactions among
several factors (Gaillard et al. 1998), including multi-species predation, winter weather,
physiological condition, and habitat. While predation appeared to have top-down
influence (Wilmer et al. 2006) on survival of adult females and fawns, predation rates
were more influenced by bottom-up processes (Griffin et al. 2011), including winter
severity that affected physiological condition of deer and vegetation phenology for forage
and hiding cover (Bongi et al. 2008). Detangling whether survival was regulated by topdown or bottom-up factors is important for management considerations, but is often
difficult due to temporal interactions among these factors (Post and Stenseth 1998). For
example, I observed maternal physiological carry-over effects on fawn survival, which if
unidentified, could lead to the erroneous conclusion that predation is exclusively limiting
fawn survival. Therefore, wildlife managers should consider how temporal patterns in
winter weather and vegetation growth could influence the physiological condition of deer
and potential predation rates when setting population management goals.
Although predation was the leading cause of white-tailed deer mortality,
particularly of neonates (e.g., Vreeland et al. 2004), predation did not appear to
exclusively limit deer survival as suggested elsewhere (Kilgo et al. 2012). Rather,
cumulative predation mediated deer use of poor resources (e.g., forage) across the
landscape (Gustine et al. 2006, Thomson et al. 2006, Griffin et al. 2011), potentially
restricting their dietary intake and population growth as observed in other ungulates (e.g.,
Creel et al. 2005). While fawn survival suffered from non-ideal resource use (Arlt and
Pärt 2007, Chapters 2, 3), effects of poor resources and greater predation risk could be
exacerbated following more severe winters which could cause poorer body condition of
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fawns at birth (Pettorelli et al. 2005) and delayed vegetation for hiding cover (Ballard et
al. 1999). Knowing that fawn survival decreases the greatest the first 2 months of life,
mainly due to predation, should help direct management activities toward reducing fawn
mortality during this critical period (Grovenburg et al. 2011). High predation rates,
particularly of neonates, are common to ungulates, but may not always be a limiting
factor of deer population growth because of over-arching limitations of poor habitat
(Ballard et al. 2001). Therefore, wildlife managers should not assume high predation
rates limit population growth exclusively, but rather focus management on reducing the
mediating affects of predation on deer resource use and physiological condition, which
may be regulating (i.e., density-dependent) population growth.
Coyotes were attributed as the primary predator of deer, which was likely related
to coyote density (Kilgo et al. 2012) and resource overlap with deer (Chapters 2, 3).
Similarly, by dams selecting denser vegetation for parturition, bobcats (Stricker et al.
2012), the least abundant predator, were able to kill the second greatest number of fawns.
Effectiveness of bobcats was related to greater detectability and resource overlap with
fawns as fawns became more mobile (N. J. Svoboda, unpublished data). These
relationships appeared to permit some additive predation of adult females and fawns by
coyotes and bobcats, though some coyote predation appeared compensatory due to poor
body condition of adult females and likely fawns. Albeit, most predation of fawns
occurred in spring-summer, therefore I can only speculate if they would have survived
throughout the year based on their body mass. While coyote density possibly resulted in
some additive predation, reducing coyote density through removal would likely be an
ineffective method to increase neonate survival (Hurley et al. 2011). I suggest coyote and
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bobcat predation of deer, particularly fawns, could be potentially reduced through habitat
management that allows deer greater spatially dispersed forage and hiding cover,
particularly during spring. Although creating more suitable deer habitat in interior forests
could introduce greater wolf predation risk (N. J. Svoboda, unpublished data), wolf
predation of adult females were mainly compensatory based on body condition
(DelGiudice et al. 1998, 2002). Additionally, constraints of generally mild winters
(DelGiudice et al. 1988), territoriality (Skogland 1991) and road density (1.68 km/km2;
Mech et al. 1988) in the study area may limit the numerical response and predation rate
of wolves (Vucetich et al. 2011). Finally, because survival of deer was predominantly
affected by bottom-up influences of habitat and physiological condition, removing
wolves would likely further reduce the nutritional carry-capacity of deer across the study
area (Callan et al. 2013).
Deer population growth in the study was most influenced by wide variation in
fawn survival and recruitment (Duquette et al. 2014), as adult females had comparatively
high survival and reproductive (Duquette et al. 2012) rates. Therefore, poor fawn
recruitment across years has likely been responsible for sustaining lesser deer abundance
since the mid-1990s. Variability in recruitment was related to relationships among
predation, physiological condition, and habitat resources, which emphasizes land
management has the greatest potential for managing deer population growth. Aging
forests (Seal et al. 1978) and limited logging within the study area have presumably
reduced herd health and growth of the deer population (Nelson and Mech 2006) through
decreased forage. Substantial browse lines were evident throughout the area, most of
which presumably developed during peak deer abundance in the 1960’s (Ullrey et al.
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1964). These browse lines could have subsequently limited recruitment through reduced
nutritional carry-capacity and hiding cover, particularly following more severe winters
(Gray and Servello 1995, Carstensen et al. 2009). Therefore, I suggest land management
which reduces over-browsed forests and increases early successional forest to increase
maternal forage and body condition (Moen 1976, Verme 1977, 1985, Dumont et al. 2000,
Carstensen et al. 2009, Tollefson et al. 2011) and enhance concealment of fawns from
predators (Bongi et al. 2008, Kilgo et al. 2012). Finally, increasing landscape
heterogeneity of vegetation could help to spread browsing pressure and reduce predation
rates (Vreeland et al. 2004) by allowing fawns to be less predictable to predators,
particularly during spring when predation caused the sharpest decline in fawn survival.
Nonetheless, adult females are essential to population growth because of their life-long
reproductive contributions to population growth (DelGiudice et al. 2007) and should be a
major consideration when setting harvest goals (DelGiudice et al. 2006).
This study emphasizes the importance of assessing relationships among
biological (e.g., body condition) and environmental (e.g., predation) factors to enhance
understanding ungulate population dynamics (Clutton-Brock et al. 1982) and developing
management strategies (DelGiudice et al. 1990, 2002). Although white-tailed deer
survival may be area-specific (Grovenburg et al. 2011), weather and predators often have
interactive effects on deer survival (e.g., DelGiudice et al. 2002, 2006) and should be
considered concurrently when establishing management goals. While individual
predators can have notable effects on deer, detangling species-specific predator
relationships is essential to understanding their proportional influences on survival of
deer. Moreover, assessing underlying bottom-up factors (e.g., weather and body
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condition) which can influence predation rates could provide an improved understanding
of factors that limit deer population growth.
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Forest with > 75% deciduous trees that are > 5 m tall and > 20 % of total vegetation cover
Forest with > 75% coniferous trees that are > 5 m tall and > 20% of total vegetation cover

Deciduous forest (%)

Coniferous forest (%)

Definition

Forest with moist soil, periodically saturated with water and > 20% of total vegetation cover

Metric

Metrics used to assess resource selection of adult females (≥ 1.6 years old) or fawn (< 1 year old) white-tailed deer
(Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Lowland forest (%)

Table 4.1

Forest with a mix of deciduous and evergreen trees that individually comprise < 75% of total tree cover
Vegetation > 80% grammanoid or herbaceous, or trees or shrubs < 5 m tall
Fields used for row crop (e.g., soybearn or corn) production, including orchards and land actively tilled
Perennial herbaceous vegetation > 80% with soil covered with water
Human land use areas, impervious or barren surface accounts for 20-100 % of landcover

Mixed forest (%)

Grass/shrub (%)

Cropland (%)

Herbaceous wetland (%)

Developed (%)
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Status

3
0
1
1

Coyote
Bobcat
Wolf
Black bear

Predation

0

Hunter harvest

0

Lost radio signal

Harvested

25

2009

Alive

Fate

0

2

0

3

0

0

21

0

1

1

3

3

1

16

2010 2011

Adult femalesa

1

4

1

9

3

1

62

All years

2

0

6

8

1

5

13

2009

0

3

3

5

2

12

15

2

2

4

11

2

9

13

2010 2011

Fawns

4

5

13

24

5

26

41

All years

Cause-specific mortality sources of adult female (≥ 1.6 years old) or fawn (< 1 year old), white-tailed deer
(Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Censored

Table 4.2
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Total mortalities

Miscellaneous

Table 4.2 (Continued)

0

Unknownc

7

0

Pneumoniad

0

Malnutritiond
1

1

Vehicle

Drowned

0

0

Unknown predatorb
Abandonment

0

Bald eagle

6

0

0

0

0

0

0

1

0

14

3

0

0

1

0

0

2

0

27

3

0

1

1

1

0

3

0

30

2

0

1

0

2

2

5

1

17

2

1

0

0

0

0

1

0

b

a

2

0

0

1

0

0

3

0

27

Adult females monitored from 14 days post-capture to same date the following year and fawn monitored from capture to same date the following year.
Mortality classified as "unknown predator" when evidence indicated a predator-kill, but I could not determine which predator.
c Mortality classifed as “unknown” when evidence indicated death but was not cause was not definitive.
d Mortality cause assigned by the Michigan Department of Natural Resources Wildlife Disease Laboratory.
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74

6

1

1

1

2

2

9

1

6.4
71.2
16.6
3.7
242.1

Age (years)a

Body mass (kg)

Serum urea nitrogen (mg/dl)

FATINDEXb

Winter severity indexc

Mean

-12.7–455.9

2.4–5.3

4.0–36.0

43.0–93.0

1.0–15.0

Range

63

59

56

58

62

n

241.1

3.7

18.3

64.9

7.5

Mean

31.8

0.1

2.0

2.3

0.8

Standard
error

-12.7–455.9

2.8–5.1

4.0–56.0

43.0–87.0

1.0-15.0

Range

Non-survivors (n = 27)

27

25

26

25

25

n

b

a

Estimated using incisor cementum annuli methods (Nelson 2001).
Arithmetic combination of body condition score (BCS; Cook et al. 2007) and maximum rump fat depth, where FATINDEX = maximum rump
fat depth – 0.2 + BCS when maximum rump fat depth ≥ 0.2 cm and FATINDEX = BCS when maximum rump fat depth < 0.2 cm.
c
Average of the sum of daily snow depth (cm), wind speed (kph), and rainfall (cm) minus daily minimum temperature (C) were summed for
the period 1 Jan–31 Mar each year; greater values are more severe.

25.3

0.1

1.0

1.5

0.5

Standard
error

Survivors (n = 63)

Comparison of biological and environmental characteristics of adult female white-tailed deer (≥ 1.6 years old;
Odocoileus virginianus) related to their fate, Upper Peninsula of Michigan, USA, 2009–2011.

Characteristics

Table 4.3
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Mean

6.6
71.5
15.9
3.7

Age at capture (years)a

Body mass (kg)

Serum urea nitrogen (mg/dl)

FATINDEXb
28

27

31

32

3.3

19.5

78.4

6.6

0.1

1.5

1.6

0.8

26

26

24

25

n

4.0

16.2

59.0

6.9

Mean

0.1

1.7

1.8

0.9

Standard
error

2011

30

29

28

30

n

b

Estimated using cementum annuli methods (Nelson 2001).
Arithmetic combination of body condition score (BCS; Cook et al. 2007) and maximum rump fat depth, where FATINDEX =
maximum rump fat depth – 0.2 + BCS when maximum rump fat depth ≥ 0.2 cm and FATINDEX = BCS when maximum rump fat
depth < 0.2 cm.

a

0.1

1.4

1.7

0.7

Standard
error

Mean

Standard
error
n

2010

2009

Year

Annual estimates of biological and environmental characteristics of adult female white-tailed deer (≥ 1.6 years old;
Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Characteristics

Table 4.4
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2.8
2.4
1.3

Age at capture (days)a

Birth body mass (kg)b

Parturition skew (days)c

Mean

48

47

48

n

-1.7

4.2

3.0

Mean

1.0

0.3

0.6

Standard error

2010

42

40

42

n

0.3

4.1

2.1

Mean

0.7

0.1

0.3

Standard error

2011

49

49

49

n

b

Estimated using timing of vaginal implant transmitter expulsion or fawn new hoof growth (Sams et al. 1986).
Difference of average daily mass gain for northern neonate white-tailed deer fawns (0.2 kg) and capture-mass (Carstensen et al.
2009).
c
Parturition skew estimated as difference between fawn parturition dates and annual median day of parturition.

a

1.0

0.1

0.4

Standard error

2009

Annual estimates of biological and environmental characteristics of fawn white-tailed deer (≤ 15 days old; Odocoileus
virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Characteristics

Table 4.5
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3.7
-0.5
197.0

Birth body mass (kg)a

Parturition skew (days)b

Winter severity indexc

Mean

-12.7–455.9

-13.0–16.5

0.5–6.8

Range

67

65

65

n

270.4

0.5

3.4

Mean

21.2

0.7

0.2

Standard
error

-12.7–455.9

-19.0–19.5

0.9–7.2

Range

Non-survivors (n = 74)

74

74

71

n

Difference of average daily mass gain for northern neonate white-tailed deer fawns (0.2 kg) and capture-mass (Carstensen et al.
2009).
b
Parturition skew estimated as difference between fawn parturition dates and annual median day of parturition.
c
Average of the sum of daily snow depth (cm), wind speed (kph), and rainfall (cm) minus daily minimum temperature (C) were
summed for the period 1 Jan–31 Mar each year; greater values are more severe.

a

23.5

0.8

0.2

Standard
error

Survivors (n = 67)

Comparison of biological and environmental characteristics of fawn white-tailed deer (< 1 year old; Odocoileus
virginianus) related to their fate, Upper Peninsula of Michigan, USA, 2009–2011.

Characteristics

Table 4.6
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Table 4.7

Generalized linear mixed-models of habitat characteristics related to adult
female white-tailed deer (≥ 1.6 years old; Odocoileus virginianus) predation
sites (N = 13), Upper Peninsula of Michigan, USA, 2009–2011.

Modela

Kb

Log-likelihood

AICcc

ΔAICc

wid

R2adj

Woody debris

3

-16.86

40.73

0.00

0.35

0.17

Horizontal covere

3

-17.73

42.47

1.74

0.15

0.11

Null

2

-19.41

43.30

2.57

0.10

0.00

Coniferous forest

3

-18.66

44.33

3.60

0.06

0.04

Cropland

3

-18.70

44.39

3.67

0.06

0.04

Wetland

3

-18.70

44.39

3.67

0.06

0.04

Developed

3

-18.97

44.94

4.21

0.06

0.02

Deciduous forest

3

-19.19

45.38

4.65

0.04

0.01

Mixed forest

3

-19.22

45.44

4.71

0.04

0.01

Grassland

3

-19.25

45.49

4.77

0.03

0.01

Canopy density

3

-19.38

45.76

5.04

0.03

0.01

Lowland forest

3

-19.39

45.78

5.06

0.03

0.01

Predation sites compared to random sites with year was used as a random effect in models. Estimates collected within
25 m of predation or random sites.
b Number of parameters in model.
c Akaike information criterion corrected for small sample size (Burnham and Anderson 2002).
d Relative weight of model.
e Horizontal cover represents horizontal cover estimated at a height of 50 cm.
a
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Kb

4
3
3

Mixed forest + Horizontal covere

Mixed forest

Developed
3
3
2
3
3

Deciduous forest

Horizontal cover

Null

Wetland

Cropland

-141.77

-141.61

-141.15

-140.71

-140.65

-140.52

-139.00

-135.99

Log-likelihood

289.66

289.34

288.84

287.53

287.41

287.16

284.12

280.18

AICcc

9.49

9.17

8.66

7.35

7.23

6.98

3.94

0.00

ΔAICc

0.01

0.01

0.01

0.02

0.02

0.02

0.11

0.79

wid

0.01

0.01

0.00

0.02

0.02

0.02

0.04

0.07

R2adj

Generalized mixed-models of habitat characteristics related to white-tailed deer (Odocoileus virginianus) parturition
sites (N = 103), Upper Peninsula of Michigan, USA, 2009–2011.

Modela

Table 4.8
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3
3
3
3

Lowland forest

Coniferous forest

Canopy density

Woody debris

-142.79

-142.45

-142.30

-142.21

-141.78

291.70

291.03

290.72

290.54

289.68

11.52

10.85

10.54

10.37

9.51

0.00

0.00

0.00

0.00

0.00

< 0.01

< 0.01

0.01

0.01

0.01

Table 4.8 (Continued)

Parturition sites compared to random sites with year was used as a random effect in models. Estimates collected within 25 m of
parturition or random sites.
b
Number of parameters in model.
c
Akaike information criterion corrected for small sample size (Burnham and Anderson 2002).
d
Relative weight of model.
e
Horizontal cover represents horizontal cover estimated at a height of 50 cm.

a

3

Grassland

165

5
4
3
4
3
3
3
3

Canopy density + Cropland

Cropland + Horizontal cover

Cropland

Cropland + Canopy density + Horizontal cover

Horizontal cover

Canopy density

Woody debris

Mixed forest

Kb

4

Modela

-77.88

-77.35

-76.54

-75.32

-73.17

-73.28

-71.27

-69.28

-70.07

Log-likelihood

161.97

160.92

159.30

156.86

154.70

152.78

150.90

149.11

148.52

AICcc

13.45

12.41

10.79

8.34

6.18

4.27

2.38

0.59

0.00

ΔAICc

0.00

0.00

0.00

0.01

0.02

0.05

0.14

0.33

0.45

wid

0.02

0.03

0.04

0.06

0.15

0.09

0.14

0.09

0.13

R2adj

Generalized linear mixed-models of habitat characteristics related to fawn (< 1 year old) white-tailed deer (Odocoileus
virginianus) predation sites (N = 58), Upper Peninsula of Michigan, USA, 2009–2011.

Canopy density + Horizontal cover

Table 4.9
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2
3
3
3
3
3
3

Null

Coniferous forest

Developed

Deciduous forest

Wetland

Lowland forest

Grassland

Table 4.9 (Continued)

-78.96

-78.94

-78.92

-78.80

-78.66

-78.45

-79.02

164.15

164.10

164.07

163.81

163.54

163.12

162.15

15.63

15.58

15.55

15.30

15.03

14.60

13.63

0.00

0.00

0.00

0.00

0.00

0.00

0.00

< 0.01

< 0.01

< 0.01

< 0.01

0.01

0.01

0.00

Predation sites compared to study area availability with year was used as a random effect in models. Estimates collected within
25 m of predation or random sites.
b
Number of parameters in model.
c
Akaike information criterion corrected for small sample size (Burnham and Anderson 2002).
d
Relative weight of model.
e
Horizontal cover represents horizontal cover estimated at a height of 50 cm horizontal cover.

a
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Fawns

48
44

2010

90

All years

2009

31

2011

32
27

2009

Adult females

Risk set

2010

Year

17

30

27

14

6

7

Mortalities

0.59

0.35

0.70

0.55

0.78

0.78

Survivala

0.08

0.07

0.05

0.09

0.08

0.07

Standard
error

0.46

0.23

0.61

0.40

0.64

0.65

Lower

0.76

0.52

0.80

0.76

0.95

0.94

Upper

95% confidence
intervals

Summary of sample sizes, mortalities, and annual survival rates of radiocollared adult female (≥ 1.6 years old) or fawn
(< 1 year old) white-tailed deer (Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Age class

Table 4.10
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49
141

2011

All years

Table 4.10 (Continued)

74

27
0.44

0.40
0.04

0.08
0.37

0.28
0.54

0.58

Survival rates estimated using the Kaplan-Meier model. Adult female survival estimated from 14 days post-capture to same date
the following year and fawn survival estimated from capture to same date the following year.

a
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6

4

9

6

4

5

6

7

11

2

7

8

1

3

Risk set

0

4

2

2

2

2

1

1.00

0.80

0.87

0.90

0.94

0.96

0.99

Mortalities Survivalb

-

0.05

0.04

0.03

0.03

0.02

0.01

Standard error

-

0.71

0.80

0.84

0.88

0.92

0.97

Lower

-

0.91

0.96

0.98

0.99

1.00

1.00

Upper

95% confidence intervals

Summary of age class, sample sizes, mortalities, and annual survival rates of radiocollared adult female white-tailed
deer (≥ 1.6 years old; Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Agea

Table 4.11
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b

a

171
2

0

2

2

0

2

3

1

0.14

1.00

0.42

0.56

1.00

0.65

0.70

0.78

0.12

-

0.11

0.09

-

0.07

0.06

0.05

0.03

-

0.25

0.41

-

0.53

0.59

0.68

0.74

-

0.69

0.75

-

0.80

0.84

0.89

Estimated using cementum annuli methods (Nelson 2001).
Survival rates estimated using the Kaplan-Meier model and estimates calculated from capture to same date the following year.

3

15

6

12

4

6

11

14

6

10

1

4

9

13

6

8

Table 4.11 (Continued)

4
2

Body mass + (SUN * Year)

Body mass + FATINDEXc

K

2

Modela

2
4
4
2
4

Age + Body mass

Age + (SUN * YEAR)

Body mass + (FATINDEX * Year)

Age + SUN

Age + (FATINDEX * Year)

-99.27

-99.81

-97.29

-96.88

-98.76

-98.31

-94.29

-96.35

Log-likelihood

207.07

203.78

203.13

202.30

201.67

200.78

197.14

196.87

AICc

10.20

6.91

6.26

5.43

4.81

3.91

0.27

0.00

ΔAICc

0.00

0.01

0.02

0.03

0.04

0.06

0.39

0.44

wi

82

79

78

79

81

78

75

75

n

17.87

17.33

19.85

20.26

18.38

18.83

22.85

20.79

Deviance explained (%)

Cox proportional hazard models assessing biological and temporal covariates on annual survival of adult female
white-tailed deer (≥ 1.6 years old; Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Body mass + SUNb

Table 4.12
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2
1
2
3
3

Body mass

Body mass + WSId

(Body mass * Year) + WSI

Body mass * Year

Table 4.12 (Continued)

Age + FATINDEX

3
4
1
1
3
3

FATINDEX * Year

(FATINDEX * Year) + WSI

FATINDEX

Age

Age * Year

SUN * Year

173
-105.68

-105.69

-107.26

-106.79

-103.40

-104.22

-103.76

-103.73

-104.12

-104.22

-101.53

217.67

217.66

216.57

215.63

215.30

214.74

213.82

213.77

212.40

210.49

207.22

20.80

20.79

19.71

18.76

18.43

17.87

16.95

16.90

15.53

13.62

10.35

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

0.00

82

87

87

84

84

84

83

83

83

83

82

11.46

11.45

9.88

10.35

13.74

12.92

13.38

13.41

13.02

12.92

15.61

2
2
4
1
2
0
1

Age + WSI

(SUN * Year) + WSI

SUN

SUN + WSI

Null

WSI

Table 4.12 (Continued)

FATINDEX + WSI

-117.14

-117.14

-109.36

-109.47

-105.29

-107.26

-106.77

236.33

234.29

222.86

220.99

219.10

218.67

217.69

39.46

37.42

26.00

24.12

22.23

21.80

20.83

0.00

0.00

0.00

0.00

0.00

0.00

0.00

90

90

82

82

82

87

84

0.00

-

7.78

7.67

11.85

9.88

10.37

Survival estimates calculated from 14 days post-capture to same date the following year. Models presented with number of
parameters (K), Akaike information criterion corrected for small sample size (AICc) and relative weight (wi) and deviance
explained.
b
Serum urea nitrogen (mg/dl; SUN).
c
FATINDEX = maximum rump fat depth – 0.2 + body condition score (BCS) when maximum rump fat depth ≥ 0.2 cm and
FATINDEX = BCS when maximum rump fat depth < 0.2 cm.
d
Average of the sum of daily snow depth (cm), wind speed (kph), and rainfall (cm) minus daily minimum temperature (C) were
summed for the period 1 Jan–31 Mar each year; greater values are more severe.

a

174

Males
23
28

2011

63

All years

2010

21

2011

25

20

2010

2009

22

2009

Females

Risk set

Year

15

11

15

32

12

6

14

Mortalities

0.43

0.50

0.37

0.47

0.37

0.69

0.35

Survivala

0.10

0.11

0.10

0.07

0.12

0.11

0.11

Standard error

0.27

0.33

0.21

0.35

0.19

0.51

0.19

Lower

0.67

0.76

0.63

0.62

0.69

0.93

0.63

Upper

95% confidence intervals

Summary of sample sizes, mortalities, and annual survival rates of radiocollared female and male fawn (< 1 year old)
white-tailed deer (Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.

Sex

Table 4.13

175

a

176

76

40

0.43

0.06

0.32

0.56

Survival rates estimated using the Kaplan-Meier model and estimates calculated from capture to same date the following year.

All years

Table 4.13 (Continued)

1
4
4
3
1
3
4

Body mass

Body mass + (Parturition datec * Year)

(Body mass * Year) + WSI

Parturition date * Year

WSI

Body mass * Year

WSI + (Parturition date * Year)

K

2

Modela

-332.91

-333.23

-334.87

-319.24

-318.03

-317.98

-320.42

-318.70

Log-likelihood

674.11

672.63

671.76

644.66

644.36

644.26

642.88

641.49

AICc

0.00

0.00

0.00

0.09

0.11

0.11

0.23

0.46

ΔAICc

32.63

31.14

30.27

3.18

2.87

2.77

1.39

0.00

wi

139

136

141

139

136

136

136

136

n

4.74

4.42

2.78

18.41

19.62

19.67

17.23

18.95

Deviance explained (%)

Cox proportional hazard models assessing biological, environmental, and temporal covariates on annual survival of
fawn white-tailed deer (< 1 year old; Odocoileus virginianus), Upper Peninsula of Michigan, USA, 2009–2011.
Survival estimates calculated from capture to same day the following year.

Body mass + WSIb

Table 4.14

177

Table 4.14 (Continued)

0

-337.65

675.30

0.00

33.81

141

-

Models presented with number of parameters (K), Akaike information criterion corrected for small sample size (AICc) and
relative weight (wi) and deviance explained.
b
Average of the sum of daily snow depth (cm), wind speed (kph), and rainfall (cm) minus daily minimum temperature (C) were
summed for the period 1 Jan–31 Mar each year; greater values are more severe.
c
Estimated from age at capture based on new hoof growth (Sams et al. 1986a, Carstensen et al. 2009) or timing of vaginal implant
transmitter expulsion.

a

Null

178

Figure 4.1

Location (black polygon) of white-tailed deer (Odocoileus virginianus)
survival study, Upper Peninsula of Michigan, USA, 2009–2011.

179

Figure 4.2

Relationship of adult female white-tailed deer (≥ 1.6 years old;
Odocoileus virginianus) body mass and age during winter, Upper
Peninsula of Michigan, USA, 2009–2011.

180

Figure 4.3

Number of days post-capture adult female (≥ 1.6 years old) or fawn (< 1
year old) white-tailed deer (Odocoileus virginianus) lived until predatorspecific mortalities occurred, Upper Peninsula of Michigan, USA, 2009–
2011. Adult females were captured Jan–Apr and fawns were captured
May–Jul. Predator-specific mortalities assigned by evidence at mortality
site.

181

Figure 4.4

Number of predator-specific mortalities compared to estimated fawn age,
estimated using new hoof growth (Carstensen et al. 2009) or timing of
vaginal implant transmitter expulsion Upper Peninsula of Michigan, USA,
2009–2011. Predator-specific mortalities assigned by evidence at
mortality site.

182

Figure 4.5

Estimated survival for adult female white-tailed deer (≥ 1.6 years old
Odocoileus virginianus) across (a) and among (b) years, Upper Peninsula
of Michigan, USA, 2009–2011. Thicker solid line in (a) indicates number
of deer in risk set and cross hatch on survival line indicates a censored
deer.

183

Figure 4.6

Estimated survival for adult female white-tailed deer (≥ 1.6 years old
Odocoileus virginianus) by age, Upper Peninsula of Michigan, USA,
2009–2011. Gray bars in (a) indicate number of deer in risk set by age,
which was estimated using incisor cementum methods (Nelson 2001).
Cross hatch on survival line indicates a censored deer.

184

Figure 4.7

Estimated survival for fawn (< 1 year old) white-tailed deer (Odocoileus
virginianus) across (a) and among (b) years and by sex (c) across years,
Upper Peninsula of Michigan, USA, 2009–2011. Cross hatch on survival
line indicates a censored deer.
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CHAPTER V
UNDERSTANDING FACTORS WHICH MEDIATE WHITE-TAILED DEER
POPULATION GROWTH IN THE UPPER PENINSULA OF MICHIGAN

Indices of white-tailed deer (Odocoileus virginianus) abundance in the western
Upper Peninsula of Michigan suggested the population declined 40% from the previous 5
year mean following 2 consecutive severe winters in the mid-1990s and have not since
increased in population size (Michigan Department of Natural Resources, unpublished
data). However, little is known about why the population has not rebounded following
these consecutive severe winters. Therefore, information on survival and reproduction
rates is needed to assess which demographic vital rate most influences population growth
of deer. Collecting age-specific estimates of survival and reproduction is also useful
because these vital rates can vary among age-classes (e.g., fawn) and can assist to
identify if a specific age-class is most influencing population growth (Gaillard et al.
2000). Further, identifying if survival and reproduction rates are regulated or limited by
specific underlying factors, such as predation, could assist in establishing deer
management goals to improve population growth. From 2009–2011, I collected
estimates and assessed biological and environmental covariates of survival and
recruitment of fawns (< 1 year old) and age-specific reproductive and survival rates of
adult females (> 1.6 years old) in the southwestern Upper Peninsula of Michigan.
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Reproductive rates did not appear to be regulating population growth of deer, as
92% of females (N = 98) were judged to be pregnant (Duquette et al. 2012), including
98% of adults (> 1.6 years old) and 70% of yearlings, but no fawns (< 1 year old).
Further, there did not appear to be evidence of reproductive senescence (DelGiudice et al.
2007) because females up to 15 years old were pregnant and 36 of 37 late-aged (> 7.5
years old; Verme 1969) females were pregnant. Also, an estimated sex ratio of 1 adult or
yearling male to every 3 adult or yearling females (Duquette et al. 2014) appeared to
maintain satisfactory pregnancy rates. These results combined with satisfactory
pregnancy rates from vehicle collisions during the 1990’s (Michigan Department of
Natural Resources, unpublished data) and a consistent number of females observed by
hunter annually (Michigan Department of Natural Resources 2010) suggest pregnancy
rates have not been a factor in the lack of population increase.
Survival rates of adult females and fawns were more influential than reproductive
rates to population growth of deer (Duquette et al. 2014). While annual survival of adult
females was 70% (range = 55–78%) across years, fawns had comparatively poorer annual
survival (44%; range = 35–59%) across years. Poor survival and lack of reproduction for
fawns resulted in poor recruitment, which was most influential to population growth
(Duquette et al. 2014). Also, survival rates were similar between male and female fawns,
suggesting no sex-related bias in survival. Most (44%; n = 12) adult female mortalities
occurred during winter, during which they were more susceptible to mortality from
physiological demands (Chapter 4) and predation (Nelson and Mech 1986; DelGiudice et
al. 2002, Chapter 4). In contrast, most (77%; n = 57) fawn mortalities occurred during
spring-summer predominantly because fawns were vulnerable to mortality, particularly
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predation, due to their limited physical ability and dependency on adult females
(Chapters 2, 3). The acute decline in fawn survival from birth to about 12 weeks of age
emphasizes this period is crucial to annual survival rates of fawns, and especially to
population growth (Duquette et al. 2014).
Survival of adult females and fawns was most affected by their nutritional
condition, especially body mass. Nutritional condition of adult females was influenced
by variation in annual fawn survival and winter severity, but most adult females remained
in sufficient nutritional condition (Duquette et al. 2013) to survive (Chapter 4) and
reproduce (Duquette al. 2012). Relatively mild winters with shallow snow depths
allowed adult females to maintain relatively good nutritional condition compared to
females in areas with greater winter severity (e.g., DelGiudice et al. 2002). Nonetheless,
maternal nutritional carry-over effects (Carstensen et al. 2009, Parker et al. 2009)
reflected variation in annual and seasonal survival of fawns. Specifically, greater winter
severity in 2009 and 2011 reached an apparent threshold where increased winter severity
resulted in smaller fawns, which were more susceptible to mortality (Chapters 2, 3, and
4). Therefore, greater fawn mortality can be anticipated following winters of this
severity, given the habitat conditions and predator densities occurring during this study.
Additionally, nutritional effects were especially influential on the daily survival of fawns
through about 12 weeks of age, emphasizing adequate nutritional intake of adult females
is essential to enhancing population growth of deer.
Although adult females selected areas near roads which provided new vegetation
growth to replenish their nutritional condition during spring, this behavior put fawns in
areas with poor resources, where greater predation in these areas led to additive
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mortalities beyond those related to poor resources (Chapters 2, 3). Adult female resource
selection was ostensibly related to avoidance of lowland forests with poorer forage and
greater use by wolves (Canis lupus), the greatest direct mortality risk for adult females
(Kunkel and Mech 1994). Although nutritional condition primarily influenced the
survival of adult female and fawns, adult female trade-offs in resource selection and
predator avoidance likely led to predation having the greatest estimated proportional
hazard on adult female and fawn mortality (Chapter 4). Moreover, this trade-off
increased resource overlap with coyotes (C. latrans; N. J. Svoboda, unpublished data)
which was the leading cause of adult female and fawn mortality, followed by wolves (C.
lupus), bobcats (Lynx rufus), and black bears (Ursus americanus) respectively. By
constraining resource use to areas with greater coyote risk, adult females and particularly
fawns appeared to be a predictable food source for coyotes and possibly bobcats (N. J.
Svoboda, unpublished data). The positive relationship between hiding cover and fawn
survival emphasized that hiding cover was essential to reducing the risk of predation,
particularly for fawns. Further, predation sites of fawns had greater likelihood of
cropland and less likelihood of forest canopy emphasizing that resource selection of adult
females facilitated the predatory effectiveness of coyotes. Although the trade-off
between resources and predation risk of adult females resulted in lost fawns in some
years, this trade-off likely promoted the life-long reproductive success of adult females
because many reached late-age (> 10 years old) and could have produced multiple
generations of fawns. This was underscored by predators killing an estimated 41% of all
fawns (N =141), but only 19% of all adult females (N = 97). While abundance of
predator species, particularly gray wolves (Canis lupus), have increased in this region
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(Michigan Department of Natural Resources 2008) predation did not appear to regulate
deer population growth (Ballard et al. 1999). Predation rates were predominantly
dictated by bottom-up processes of winter severity influence on nutritional condition and
resource selection and use.
Finite population growth varied across years, with an estimated 10% increase
from 2009 to 2010, but 13% decrease from 2010 to 2011. This variation in population
growth emphasizes that annual variation in fawn recruitment could cancel out increased
growth over time, or even cause a slight decline. Therefore, deer population management
goals should consider fawns the priority cohort and mitigation of factors which limit
fawn recruitment. Aging forests and reduced forest understory plausibly resulted in
reduced fawn recruitment through a lack of hiding vegetation and forage that caused
negative maternal nutritional carry-over effects on fawn nutritional condition. These
results emphasize several biological and environmental factors, including multi-species
predation risk, can have interactive influence on neonate deer survival. As decreasing
predator density is typically ineffective to enhance long-term population growth of
ungulates, I suggest fawn survival could be improved through habitat management that
increases landscape heterogeneity of early successional forests to enhance year-round
browse and hiding cover. These habitat initiatives could enhance adult female nutritional
condition and make fawns less spatially predictable and more visually concealed from
predators, particularly during the 3 months following parturition when most predation
occurred.
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